Modeling and Simulation of Cell Adhesion and Detachment by SUN LU
  
 


























(B. Eng., FDU China) 
 
 
A THESIS SUBMITTED FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
 
 










I would like to express my most sincere gratitude to my supervisor Dr. 
Zhang Yongwei for his continuous encouragement, guidance, and great 
inspirations throughout the years of my PhD study. Dr. Zhang has been 
immensely supportive as I faced all the hurdles in my research work.  
I am deeply grateful to my co-supervisor, Dr. Cheng Qianghua for his 
generous helps through the several projects over the past years. Without his 
guidances, the completion of my thesis would not have been possible.  
I also want to thank my colleague Wu Zhaoxuan for his great efforts in 
maintaining our PC clusters. Special thanks to my colleague and friend Zhang 
Xiaoxin for her selfless help. I am grateful for the friendship with Koh 
Tiong-Soon, Hu Guangxia, Yi Jiabao, Han Zheng, Yu Jun, and Wang Yu. The 
wonderful time we have spent together in NUS will stay in my heart forever. 
My heartfelt gratitude goes to my beloved mother Xu Yili, who has taken 
care of me with great love in all the past years. I wish to deeply thank my 
father Sun Buyue, who has always been my role model and my spiritual 




Summary .......................................................................................................... iv 
List of Figures .................................................................................................. vi 
1 Introduction ................................................................................................... 1 
1.1 Motivations .............................................................................................. 1 
1.2 Objectives ................................................................................................ 5 
1.3 Thesis Outline and Overview ................................................................ 6 
2 Background Information .............................................................................. 8 
2.1 Structures and Functions of Cell ........................................................... 8 
2.2 Basics of Cell Adhesion ........................................................................ 12 
2.2.1 Nonspecific Interactions ................................................................................ 13 
2.2.2 Specific Interactions ....................................................................................... 15 
2.2.3 Receptor Mobility ........................................................................................... 16 
2.3 An Introduction to Biomimetic Systems ............................................. 17 
2.4 Techniques in Quantifying Cell Adhesions ......................................... 18 
2.4.1 Lifetime of Loaded Single Bond .................................................................... 19 
2.4.2 Relevant Length and Force Scales ................................................................ 20 
2.4.3 Ultrasensitive Probes ...................................................................................... 21 
2.4.4 Ensemble Effect of Multiple Bonds .............................................................. 25 
2.5 Modeling and Simulation Methods ..................................................... 26 
3 A Computational Model for Cell Adhesion ............................................... 29 
3.1 Representative Models of Cell Adhesion ............................................ 29 
3.1.1 Equilibrium Thermodynamics Framework ................................................. 30 
3.1.2 Cohesive Zone Models ................................................................................... 32 
3.1.3 Kinetic Models Involving Nucleation and Growth Process ........................ 33 
3.2 Issues Remaining Disputed .................................................................. 34 
3.3 Model Formulation ............................................................................... 35 
3.3.1 Non-specific Interaction between Receptors and Substrate ....................... 36 
3.3.2 Specific Interaction between Receptors and Ligands ................................. 38 
3.3.3 Receptor Diffusion on Cell Membrane ......................................................... 39 
3.3.4 Model Formulation for Vesicle Structure and Substrate ............................ 40 
3.4 Simulation Model and Numerical Procedure .................................... 41 
3.5 Simulation Results ................................................................................ 43 
3.5.1 Simulation Results for a Typical Case .......................................................... 43 
3.5.2 Parametric Studies of System Parameters ................................................... 47 
3.6 Discussion and Conclusions ................................................................. 55 
4 A Computational Model for Biomembrane Force Probe (BFP) ............. 57 
4.1 An Introduction of Previous BFP Studies ........................................... 58 
 iii
4.2 Computational Model and Simulation Procedure ............................. 61 
4.2.1 Model Formulation ........................................................................................ 61 
4.2.2 Simulation Procedure ..................................................................................... 62 
4.3 Simulation Results ................................................................................ 63 
4.3.1 Force-Deflection Relations for Different Aspiration Pressures .................. 64 
4.3.2 Force-Deflection Relations for Different Micropipette Radii ..................... 68 
4.4 Analytical Study of Nonlinear Characteristic Regime ...................... 70 
4.4.1 Model Formulation and Analysis .................................................................. 70 
4.4.2 Results and Analysis ....................................................................................... 73 
4.5 Discussion and Conclusions ................................................................. 77 
5 Dynamics of Catch-Slip Bond Clusters under Constant Force .............. 81 
5.1 Catch Bond Assumptions and Discoveries ......................................... 81 
5.2 Catch Bond Models .............................................................................. 82 
5.2.1 Conceptual Models for Catch Bonds ............................................................ 82 
5.2.2 Quantitative Models for Catch Bonds .......................................................... 84 
5.3 Multiple-Bond Systems ........................................................................ 88 
5.4 Simulation Results ................................................................................ 90 
5.4.1 System Parameters ......................................................................................... 90 
5.4.2 Lifetime of Single Bond .................................................................................. 90 
5.4.3 Lifetime of Parallel Multiple Bonds with Uniformly Distributed Force ... 92 
5.4.4 Lifetime of Multiple Bonds with Non-uniformly Distributed Force .......... 98 
5.4.5 The Micropipette-Manipulated Detachment of a Cell from a Substrate 
Surface .................................................................................................................... 102 
5.5 Discussions and Conclusions ............................................................. 105 
6 Conclusions and Future Research ........................................................... 108 
6.1 Conclusions ......................................................................................... 108 
6.2 Future Research .................................................................................. 110 














The adhesion between two cells and between the cell and its extracellular 
matrix play an integral role in a large variety of biological processes. In the 
recent decade, the development of technologies for probing and manipulating 
single cells at minuscule forces has allowed studies on cellular interactions to 
advance to the individual molecular level.  
This thesis aims to provide in-depth understanding of the mechanics and 
kinetics of cell adhesion and detachment through biophysical modeling and 
computer simulation on intercellular interactions. We present our results in 
three parts. First, we design a computational model of cell adhesion to a 
substrate surface.which incorporate three major factors: the non-specific 
forces, specific bindings, and the diffusion of adhesive binders. Through a 
series of system parametric studies, our model identified three possible 
limiting regimes for cell adhesions: 1) the binder reaction limited regime, 2) 
non-specific, force-driven, binder recruitment limited regime, and 3) the 
concentration gradient-driven diffusion limited regime. Among them the 
slowest process will be the major limiting factor to the adhesion. 
In the second part, we investigate the accuracy and sensitivity of 
Biomembrane Force Probe (BFP), a popular technique for the minuscule force 
measurement. Through finite element simulations and semi-analytical analysis, 
we discovered a characteristic non-linear regime. This finding is an important 
 v
amendment to the existing BFP modeling, which only considers a linear 
relation between the BFP stiffness and its micropipette aspiration pressure. We 
further identified the critical conditions for the transition between the linear 
and nonlinear regimes. This could be an important reference for 
experimentalists to avoid using formulas intended for the linear regime on the 
non-linear one. 
In the final part, we examine the effect of catch-slip mechanism on 
multiple-bond decohesions. To this end, we performed computational analysis 
on three scenarios, 1) the dissociation of single bond under constant forces, 2) 
the dissociation of bond clusters under uniform and linearly increasing force 
distributions, and 3) micropipette-manipulated cell dissociation from a 
substrate surface. Our computation reveals that, for a multiple-bond cluster, 
the catch bond behavior could only be observed under relatively uniform 
loading condition and only at certain stage of decohesion. Our model thus 
offers an explanation on the difficulties of observing the catch bond behavior 
under real biological conditions.  
 vi 
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Cell adhesion is a process which occurs widely in the living body. It is a 
central problem in many areas of cell biology because of its integral role in a 
large variety of dynamic biological events, such as cell communication, cell 
regulation, the development and maintenance of tissues [1, 2, 3]. It also 
functions in many processes of medical interest, such as embryo growth [4], 
cancer metastasis, tissue regeneration [5, 6], and immune response [7, 8]. In 
the past decades, cell adhesion has undergone extensive multi-disciplinary 
studies because of its requirement of expertise in different science and 
engineering fields, for example, biophysics [9, 10, 11], biophysical chemistry 
[12, 13], and biomechanics [14].  
 In 1980s, various preliminary models of cell adhesions were established 
from the aspects of two scientific disciplines. The first is based on the 
mechanics of the membrane peeling test [15, 16, 17], in which the index of 
adhesion energy density  was introduced. This index is defined as the work 
needed to separate a unit area of the adherent surfaces [18] and hence related 
the work from external forces with the energy stored within the cell. The 
second is based on thermodynamic models specifying the adhesive 
interactions, which are known to be mediated by the specific binding between 
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surface proteins called the receptors and ligands [10, 11, 19]. In these models, 
the receptor-ligand binding was assumed to be driven by the differential 
chemical potentials between the individual proteins and their complex form 
[20]. Similar to the mechanical models, the work done by external forces was 
also included in the form of strain energy. Both models make it possible to 
integrate the rapidly accumulated experimental information into quantitative 
theories. However, as they are highly idealized and parameterized, these 
overall adhesive indices failed to describe the properties of individual 
molecule pairs involved in cell adhesions. 
 From 1990s, the focus of cell adhesion research has shifted towards the 
study on the individual molecular pairs. This new paradigm regards cell 
adhesion as a non-equilibrium process which can be better understood in terms 
of a nucleation and growth process. Based on this concept, several kinetic 
models have subsequently been established. For example, the reaction kinetics 
and Monte Carlo simulations, was used to describe the binding of ligands to 
cell surfaces [21, 22]; chemical reaction rate theory was applied to describe 
the interaction between receptors and ligands [23]; biomimetic systems was 
constructed with large synthetic vesicles as mimics of red blood cells[24]. 
Although these kinetics models had considerable improvements over the 
previous results, several problems remain. Typical issues include 
distinguishing the specific receptor-ligand interactions from the nonspecific 
cell-surrounding forces [11], studying the effect of system parameters in the 
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chemical reaction kinetics [25, 26], and incorporating receptor diffusion into 
the adhesion models [11, 12, 27, 28].  
 The emergence of single-molecule biophysics and biomechanics are made 
possible by the development of technologies capable of mechanically probing 
and manipulating single cells at minuscule forces and displacements [29, 30, 
31]. These new methods and technologies are used to quantify the strength of 
single molecule bonds, and therefore yield detailed information about their 
structures and functions. This includes the dynamics of the adhesion that they 
control. Of all these available methods, Biomembrane Force Probe (BFP) is 
one of the few that can adequately satisfy the requirement of the force 
resolution of single-molecule biophysics. BFP was originally developed by 
Evans and co-workers [31] and further studied in [32, 33, 34]. It has been 
frequently used to measure minuscule forces in various physical and biological 
applications, such as single-molecular studies of neutrophil adhesion [35-39], 
examination of cell membrane’s thickness and compressibility [40], and 
inspection of cell-surface interactions [41].  
A major focus of designing and studying minuscule force probes is on 
their force sensitivity. The current measurement of relative force variation is 
already sensitive enough to detect the small energy barriers along an energy 
landscape. However, the force precision is also an important issue, because a 
highly-accurate absolute force value, as opposed to the relative one, can 
provide even more detailed information about the molecular properties. In the 
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latest theoretical research of BFP [34], the exact numerical results of BFP’s 
pressure-dependent stiffness deviate significantly from those of previous 
analytical approximations [31, 32, 33]. This encourages us to further the 
research on the measurement accuracy of this minuscule force probes. 
Using the Atomic Force Spectroscope (AFM), another type of 
ultrasensitive force probe which is able to resolve highly detailed properties of 
cell-adhesion molecules, scientists recently observed a fascinating process 
called catch-slip bond transition. According to conventional wisdom, 
molecular bonds would slip apart more easily under increasing tensile forces; 
therefore they are being termed as slip bonds. Slip bonds represent the vast 
majority of biological and chemical bonds, whereas some unusual biological 
functions had evolved another counterintuitive type of bonds, the catch bonds, 
which are strengthened by tensile forces. For instance, the bonds involving 
selectins (a type of proteins which operate in blood flows) were suspected to 
be catch bonds. They could be strong enough to stabilize the tethering and 
rolling of leukocytes in the presence of high shear stress, while preventing 
spontaneous aggregation of flowing leukocytes in capillaries where the fluid 
flow, and therefore the shear stress, is low [42, 43]. 
Although catch bonds were proposed some twenty years ago [25], the 
experimental proof came much later. The first definitive demonstration was 
obtained in 2003 in an atomic force microscopic (AFM) study on the (single) 
bond between the leukocyte adhesive molecule, P-selectin, and its ligand 
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PSGL-1 [44]. However, unlike the original mathematical model that predicted 
the monotonically longer-lived bonds under increasing forces [25], the 
experimental single-molecule data showed a transition that the bonds are 
strengthened by moderate force, but weakened by higher forces. To explain 
this biphasic behavior, the traditional model of single-pathway dissociation 
becomes inadequate, and instead, two-pathway models were promoted [45-48]. 
These two-pathway models use a minimal number of parameters, leading to 
analytical expressions for the catch-binding conditions and bond lifetimes. 
They offer satisfactory agreements to the experimental data. However, all 
these models are on the single-molecular basis, while the cooperative behavior 
of the multiple-bond system remains to be explored. 
 
 
1.2 Thesis Contributions 
 With an aim to develop a better understanding of the mechanics and 
kinetics of cell adhesion and detachment, this thesis presents three major 
contributions, namely:  
 Development of a cell system model to explain the rich kinetic 
phenomena of the cell adhesion process. 
 Formulation of a numerical model to analyze the sensitivity and 
accuracy of the commonly used Biomembrane Force Probe (BFP) 
technique. 
 6
 Analysis through numerical computations examining the cooperative 
effect of catch-slip mechanism on the decohesion of multiple-bond 
systems. 
 
1.3 Thesis Outline and Overview 
 Chapter 2 provides an introduction of the background knowledge of cell 
adhesion. This includes the structures and functions of cell, the manifestation 
and biophysical basis of cell adhesion, some most common techniques used in 
single-molecule measurements, and a brief description on finite element 
method (FEM); the major numerical technique adopted in this thesis. 
 Chapter 3 introduces a computational model for cell adhesion to a 
substrate surface. We propose several refinements over the previously 
published models: 1) we differentiate the non-specific forces from the specific 
receptor-ligand interactions; 2) we introduce a chemical reaction equation to 
describe the binding and unbinding events; 3) we incorporate the diffusion of 
receptors along the membrane surface. In a series of parametric studies, we 
identify three important adhesion regimes: the binder reaction limited regime, 
non-specific force-driven binder recruitment limited regime, and the 
concentration gradient-driven diffusion limited regime.  
 In Chapter 4, a single-molecule measurement technique Biomembrane 
Force Probe (BFP) is modeled and analyzed numerically. Our result agrees 
with the published estimations of BFP stiffness [31-34]. Furthermore, we 
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show that our model includes an important amendment over the previous 
results; we found a characteristic non-linear regime when BFP is applied under 
a low pressure condition or when the pipette radius falls below a critical 
threshold. 
 Chapter 5 presents our study on the characteristics of clustered catch 
bonds. We performed computational analysis on three scenarios: 1) clusters of 
catch bonds under uniform loading; 2) clusters of catch bonds under linearly 
increasing loading; 3) clusters of catch bonds in micropipette-manipulated cell 
detachment. Based on the simulation results, we propose that clustered catch 
bond behavior can only manifest itself when there is a uniform loading among 
all bonds and only during early partial decohesion stages.  
 We conclude this thesis in Chapter 6 by giving a summary of the thesis 
contribution and some discussion on further promising research directions. 
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Chapter 2  
Background Information 
 
2.1 Structures and Functions of Cell 
As the basic unit of life, the cell is a biologically complex system [49]. 
There are two types of cells: prokaryotic and eukaryotic. Prokaryotic cells, 
such as archaea and bacteria, are structurally simple and generally do not have 
a membrane-bound nucleus. While eukaryotic cells, with a more complex 
structure, function as the smallest unit of a much larger organisms, for 
example, fungi, protists, plants and animals.  
The morphologies and functions of eukaryotic cells vary from one species 
to another, but they share some unique features. As illustrated in Figure 2.1, a 
typical animal cell is enclosed by plasma membrane. Inside the membrane is a  























Figure 2.2 A simplified illustration of cell membrane. 
 
membrane-bound nucleus and organelles, which are absent in prokaryotic 
cells. 
A cell cannot survive if it is totally isolated from its environment; 
therefore, the cell membrane is selectively permeable, regulating the 
movement of water, nutrients and wastes into and out of the cell [2]. As 
demonstrated in Figure 2.2, cell membrane includes two major building blocks: 
lipid (about 40% of the membrane) and protein (about 60% of the membrane). 
The primary lipid is called phospholipid; molecules of phospholipid form a 
“phospholipid bilayer”. The exposed heads of the bilayer are "hydrophilic" 
(water loving), meaning that they are compatible with water both within and 
outside of the cell. While the hidden tails of the phosopholipids are 
"hydrophobic" (water fearing), thus the cell membrane acts as a protective 
barrier to the uncontrolled flow of water. The membrane is made more 
complex by the embedded protein molecules, which act as channels and 
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pumps that move different molecules into and out of the cell. Besides 
supporting and retaining the cytoplasm, and being a selective barrier, cell 
membrane is also involved in cell communication and signaling via a special 
kind of proteins, the so-called receptors. Moreover, many of the proteins in the 
membrane help carry out selective transport within the membrane. 
Enclosed by the membrane is the working part of the cell, which includes 
nucleus and cytoplasm. Nucleus, surrounded by a doubled membrane, is the 
most obvious organelle in any eukaryotic cell [49]. It contains the cell's 
chromosomes, and is the place where almost all DNA replication and RNA 
synthesis occur. A chromosome is a coiled network in which both proteins and 
DNA reside in. DNA is the genetic code that coordinates protein synthesis. 
During the processing, DNA is transcribed into a special RNA, called 
messenger RNA (mRNA). This mRNA is then transported out of the nucleus, 
and translated to a specific protein molecule [50]. Therefore, nucleus is the 
cell’s brain, being responsible for providing the cell with its unique 
characteristics.  
Outside the nucleus is cytoplasm, a collective term for the intracellular 
fluid cytosol and all the other organelles suspending in it. Cytoplasm is the site 
where most cellular activities occur, such as metabolic pathways like 
glycolysis and processes like cell division. Three organelles participate in 
these activities: Ribosome, a packet of RNAs and proteins, are the site of 
protein synthesis [51]; Mitochondria, which is also referred to as power 
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centers of the cell, provide the energy that the cell needs to move, divide, 
contract, and produce secretory products [52]; while Lysosomes, containing 
hydrolytic enzymes, is responsible for the intracellular digestion [53].  
The other important organelle is cytoskeleton, which is the cellular 
“scaffolding”, helping to maintain cell shape [54]. More significantly, it plays 
an essential part in cell mobility, because the internal movement of cell 
organelles, as well as cell locomotion and muscle fiber contraction could not 
take place without the cytoskeleton. Cytoskeleton is an organized network of 
three primary protein filaments: microtubes, actin filaments (microfilaments), 
and intermediate fibers. Microtubules are hollow cylinders about 23 nm in 
diameter, most commonly comprising 13 protofilaments. Protofilaments are 
polymers of - and -tubulin dimmers, which have a very dynamic behavior, 
binding GTP for polymerization. Microtubules serve as structural components 
within cells and are involved in many cellular processes including mitosis, 
cytokinesis, and vesicular transport. Microfilaments, ranging from 5 to 9 nm in 
diameter, are formed by the head-to-tail polymerization of actin monomers 
(also known as globular or G-actin). They are most concentrated just beneath 
the cell membrane, and are responsible for maintaining cellular shape, 
resisting buckling by multi-piconewton compressive forces and filament 
fracture by nanonewton tensile forces. Associated with myosin, 
microfilaments help to generate the forces used in cellular contraction and 
basic cell movements. They also enable a dividing cell to pinch off into two 
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cells and are involved in amoeboid movements of certain types of cells. The 
final group of filamentous proteins, the intermediate filaments, is around 10 
nanometers in diameter. There are some basic distinctions between 
intermediate filaments and the previous two cytoskeletal elements. First, 
unlike myosins for actin filaments, or kinesins and dyneins for microtubules, 
there are no known motor proteins that move things along intermediate 
filaments. Therefore, they are thought to be only of structural functions. 
Second, the intermediate filaments are more strongly bound than either 
microtubules or microfilaments; therefore, they function in the maintenance of 
cell-shape by bearing extracellular tension (microtubules, by contrast, resist 
compression.). They organize the internal tridimensional structure of the cell, 
anchoring organelles and serving as structural components of the nuclear 
lamina and sarcomeres. They also participate in cell-cell and cell-matrix 
adhesive junctions. 
 
2.2 Basics of Cell Adhesion 
In biological systems, cell adhesion is an integrated process involving 
multiple complex events wˈhich are regulated by complicated mechanisms and 
are highly interconnected. Cell adhesion is initiated by weak, non-specific 
forces, strengthened and mediated by the specific interactions between 
receptor and ligand [10, 11]. Besides the physical connections, it has been 
shown that at molecular level, this specific interaction serves as stimuli for a 
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complex cascade of signaling events [55], which subsequently triggers 
remodeling of cytoskeleton, resulting in cellular morphological changes and 
contractile force generations [56]. 
 
2.2.1 Nonspecific Interactions 
 Cells interact with their surroundings first through long-range forces. Due 
to their long-range and omnipresent nature, such forces are nonspecific, not 
involving molecular recognition or chemical specificity in bonding. Previous 
studies have given a clear exposition of the origin and manifestations of the 
various long-range contributions [57, 58]. 
 1. Electrostatic forces: Electrostatic interaction between charged 
molecules (or segments of large molecules) is one of the principal long-range 
forces. The cell surface contains not only the lipid membrane but also 
embedded macromolecules glycocalyx. Glycocalyx is made of short chain 
oligosaccharides bound to glycoproteins, glycolipids and proteoglycans. The 
glycocalyx layer containing sialic acid is around 100 Å thick and negatively 
charged. Therefore, the contributions of electrostatic forces are either 
attractive or repulsive, depending on the charge of the surface the cell is 
adhered to. 
 2. Van der Waals, or electrodynamic, forces: In contrast to electrostatic 
forces which occur between charged molecules, van der Waals interactions are 
those between two species in which neither of them may have a permanent 
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dipole moment. However, these uncharged molecules may owe instant dipoles, 
which are caused by fluctuations in their electron density. The electric field 
originated from the instant dipoles can then induce dipole moments in their 
interacting molecules, leading to attractive interactions. 
3. Steric interactions: This is a type of repulsive interactions between 
surface-anchored polymers, and is attributed to two origins. One is the steric 
compression of the polymer chains. The other is the hydration effect of 
glycocalyx layer. In details, glycocalyx is comprised of polymers in hydrated 
environment. When two cells approach to each other, their layers overlap and 
some water molecules are squeezed out. These water molecules have an 
osmotic tendency of return to the layers, thus result in a repulsive force. 
 4. Undulation forces: The undulation force is a unique feature of soft 
membranes (for example, erythrocytes), and is the consequence of thermal 
fluctuations in energy. For highly flexible membranes, thermal fluctuation can 
give rise to a visible dynamic surface roughness, which generates a resistance 
to compression and bending when cells approach to the solid surfaces [59].  
 Since these nonspecific forces have different origins, their magnitudes 
vary significantly with the cell-substrate separation distance [20]. It was 
revealed that steric interactions dominate within the distance that glycocalyxes 
begin to be compressed (100-200 Å). As the separation distance increases, 
these repulsive interactions diminish after the separation distance is beyond 
the glycocalyx interpenetration. Meanwhile, van der Waals attraction comes 
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into action, overcoming electrostatic and steric repulsions, and increasing the 
chance of adhesion. It was calculated that at a typical separation distance of 
around 250 Å, the nonspecifically attached cells can be easily separated by a 
force of 103 dyn/cm2. Because cell-generated contractile forces present in 
tissue are of the order of 103-105 dyn/cm2 [60, 61], a stronger adhesive 
interaction becomes essential. This is achieved by specific bindings between 
receptors and ligands.  
 
2.2.2 Specific Interactions 
 Cells detect and interact with their extracellular environment through 
adhesion receptors, a variety of proteins or glycoprotein macromolecules 
embedded in the membrane. Most of these receptors are comprised of three 
sections: the intracellular parts which are linked to cytoskeletons, the 
transmembrane part, and the extracellular part. The transmembrane domain is 
typically 60-80 Å in length, roughly the thickness of the membrane, while 
extracellular domain of the molecule is typically 20-500 Å. Despite their 
resemblance in constitution, different receptors have separate cellular 
functions due to their characteristic molecular structures [62]. In general, they 
are classified into two major families: adhesion molecules such as Cadherins, 
Immunoglobulin (Ig)-CAM, and selectins are primarily involved in cell-cell 
adhesions (homophilic binding); while integrin families are mostly involved in 
cell-matrix adhesions (heterophilic binding). Integrins are transmembrane 
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heterodimers composed of  and  subunits. With varying portions of the two 
subunits, different integrin heterodimers present specific binding affinity for 
particular ligands (fibronectin, vitronectin, laminin, and collagen) [63].  
Integrins are the ultimate “smart” materials in that they can respond both 
structurally and functionally when bound to ligands. Besides establishing 
mechanical linkage which stabilizes the cell adhesions, integrins form an 
important bidirectional link between ECM and the intracellular cytoskeletons. 
The ligation of integrins with their ECM ligands generates biochemical signals, 
which initiate a series of intracellular biological processes, such as 
phosphorylation of proteins, gene expression and cytoskeleton formation. 
These intracellular processes in turn modulate the integrins’ conformations 
and their clustering; thus regulate the tendency of integrin-ligand bindings. In 
this way, cells can detect the changes in the composition of ECM on the 
culture surface, and regulate their shapes and binding affinity to adapt 
themselves to their environment [64]. A typical case is the catch-slip bond 
transition, which is believed to be triggered by the tensile force applied via a 
bound ligand. This force can induce an intracellular response, thereby 
converting the integrin from a low affinity state with short bond lifetimes to a 
high affinity state with long bond lifetimes [65]. 
 
2.2.3 Receptor Mobility 
 Since membrane receptors mediate both the mechanical interaction and 
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information exchange between cells and their environment, their spatial 
distribution and molecular associations may play a critical role in regulating 
cell functions [66]. Cell membrane is heterogeneous in its composition, in 
which receptors can occupy as high as 0.4 fraction of the surface area. And 
because the membrane is a fluid suspension, receptor proteins can diffuse by 
thermal motion in the plane of the membrane. Receptor diffusivity ranges 
from 10-11 to 10-8 cm2/s, being influenced by the interactions among receptors, 
and the blockage and binding of cytoskeletons [67]. The lateral diffusion of 
receptor proteins affects numerous membrane-involved activities such as 
receptor-mediated endocytosis, cell migration, and cell-cell and cell-ECM 
adhesions. In the case of adhesion, the lateral mobility of receptors determines 
the speed at which receptors move towards their corresponding ligands, the 
rate at which they aggregate with each other, and therefore limits the binding 
rate and spreading speed of the adhesion front [68].  
 
2.3 An Introduction to Biomimetic Systems 
As shown from the previous introductions, the structures and functions of 
cells are highly complicated issues. And in biophysical studies, it is impossible 
to control the full complexity of a cell in vitro. Therefore, simple synthetic 
membrane models, such as vesicles, nanotubes or supported bilayers, have 
long been used as a basis for examining membrane physics. Recently, the 
novel in vitro membrane system, giant unilamellar vesicles (GUVs; diameter 
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larger than a few microns), have been developed towards realistic cell mimic 
and are frequently used to study the complexity of integrin-mediated cell 
adhesions [69, 70, 71]. Giant unilamellar vesicle systems are designed using 
the basic membrane elements, consisting of a spherical closed lipid bilayer, 
which is functionalized with selected membrane proteins. Lipid-coupled 
polymers can be also incorporated in the vesicle membrane to mimic the 
glycocalyx. One of the great advantages of using GUVs as model systems is 
the minimal number of components that are introduced. This allows an easy 
control of the molecular composition of the membrane as well as 
environmental conditions. And since the same model system (GUVs) can be 
used for different experiments, just by modifying the compositional 
complexity of the membrane, researchers are able to conduct comparative 
structural and dynamic studies between the artificial lipid vesicles and the 
biological membrane of interest [72]. Furthermore, the information drawn 
from the simplified biomimetic systems can be directly compared with 
physical models; thus the biophysical hypothesis of cell mechanisms can be 
conveniently tested.  
 
2.4 Techniques in Quantifying Cell Adhesions 
 Cell adhesion is often quantified by the force necessary to detach a cell 
from a surface, namely, the adhesion strength. However the magnitude of the 
force varies, depending on how it is applied to the cell and the design of the 
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adhesion assay. The research on cell adhesion strength has been conducted 
from two aspects. The first is to relate the macroscopic tensions to the 
cell-substrate interaction regions. A typical model is to treat the cell as a 
thermodynamic equilibrium elastic body, using Johnson-Kendall-Robers (JKR) 
[73] theory to derive a quantitative analysis of the adhesion energy [74]. The 
second, and currently more popular, is to relate adhesion strength to the 
characterizations of individual adhesion bonds.  
 
2.4.1 Lifetime of Loaded Single Bond 
The most prominent characteristic of a molecular bond is its energy 
landscape, while how to map it in a straightforward way is a tricky task. 
Unstressed receptor-ligand bonds have limited lifetimes, an intrinsic feature 
determined by energy barriers along the optimal pathway of dissociation. 
When pulled mechanically, the bond will have a varied lifetime due to the 
transformation of its energy barriers. In this way, the relationship between the 
loading force and the bond lifetime is directly linked to its energy 
conformations. This insight led to the tests of lifetime of single bond which is 
pulled by constant forces [75, 76, 77]. Most experimental measurements have 
demonstrated that bond lifetime monotonically decreases with increasing 
forces [10, 78]. This is in accordance with the common notion that energy 
barrier is lowered by the tensile forces. These bonds are termed as “slip bond”. 
However, there was also assumption that certain bonds survive longer under 
 20
forces. These bonds are called “catch bond”, and are used to explain the 
force-enhanced adhesions observed for the binding between selectins 
molecules and leukocyte ligands [42, 43]. This assumption has been 
experimentally proved in 2003. Using atomic force microscope (AFM) to 
study the interactions between PSGL-1 ligand and P-selectin protein, Marshall 
and coworkers found that the bond lifetime initially increases but ultimately 
decreases with growing forces [44]. This transitional phenomenon is called 
“catch-slip transition”, and it is a more convincing theory than the pure 
catch-bond mechanism which predicts an infinite rise of lifetime with 
increasing forces [25].  
 
2.4.2 Relevant Length and Force Scales 
20 years ago, conducting tests of enforced ruptures of single bond was 
still a great challenge, because the relevant scales of force and length are 
minuscule, being far beyond the resolutions of techniques at that time. In the 
case of length scale, the traditional optical microscope, such as scanning 
electron microscope (SEM), makes use of diffractive elements to tightly focus 
light in order to maximize the resolution [79]. But its further advancement was 
hampered by electron diffraction, resulting in a minimum focus spot with a 
diameter of roughly half the light wavelength, which is on the order of a 
couple of hundred nanometers; while the length scale for molecular 
dimensions and interactions is evidently the size of a single molecule, 
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generally taken as one nanometer. In the case of force measuring, the 
pioneering surface forces apparatus (SFA) can resolve distances to within 0.1 
nanometers, but its force resolution is 104 piconewtons [80]. Since the 
individual noncovalent bonds are extremely weak, breaking in the range of a 
few piconewtons, SFA could only study the aggregate effect of large bond 
clusters at best [81]. Therefore, only after the innovations of ultrasensitive 
probes has the single bond test been realized and significantly refined. 
 
2.4.3 Ultrasensitive Probes 
  Since the invention of atomic force microscope (AFM), single bond 
studies emerged and grew exponentially. Other alternative force probes were 
also developed, being adapted for different applications. Currently the 
principal techniques include atomic force microscope (AFM), optical tweezers 
(OTs), and biomembrane force probe (BFP). All of them are able to directly 
measure the single bond strength.  
 The AFM, as illustrated in Figure 2.3a, consists of a soft cantilever spring 
with a sharp tip at its end. The cantilever is typically silicon or silicon nitride; 
the curvature radius of the tip is on the order of nanometers. The tip is brought 
to scan a sample surface and works as a probe: when it approaches the 
specimen surface, forces between the tip and the surface lead to a deflection of 
the cantilever according to Hooke's law [29].  


















Figure 2.3 Sketch of ultrasensitive force probes. a. Atomic force microscope 
(AFM). b. Optical tweezers (OTs). c. Biomembrane force probe (BFP). 
 
beam is focused by a high-quality microscope objective to a spot in the 
specimen surface. The radiation pressure from the beam is able to trap a small 
particle at its center, and to exert very small forces against the specimen that 
interacting with the particle. This force can be sensed by the relative 
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displacement between the surface and the particle [82, 83].  
BFP force transducer, as shown in Figure 2.3c, uses a 
micropipette-pressurized red blood cell (RBC) to interact with membrane 
surfaces or functionalized microbead. The axial displacement of the RBC is 
opposed by its membrane tension, producing minuscule forces well defined by 
the transducer’s stiffness. This stiffness can be easily tuned by changing the 
aspiration pressure of the micropipette and/or the pipette radius [31]. 
The quality of these techniques is evaluated by both their force and 
distance sensitivities. There is a major difference of the suitable measuring 
realms between AFM, OTs, and BFP. For instance, in AFM, the cantilever 
serves a relatively stiff force transducer (kf > 10-100 pN/nm), but fully exploits 
the large size (100 m). The position of the laser beam reflected off the 
cantilever can track the relative movement of the probe (hence the distance 
resolution) within 0.1 nm. In contrast, an OT might be orders-of-magnitude 
softer (kf < 0.01 pN/nm), but have a lower spatial resolution (~ 1 nm), and a 
measurable range of from 10 nm to over 100 mm. Finally, the BFP relies on 
intermediate stiffness (0.1-1 pN/nm) and spatial resolution (±5 nm), but probes 
the widest range of force (0.01-1000 pN).  
Using different instrumental strategies to fulfill different resolution 
demands, all these techniques have their underlying drawbacks. For example, 
on the one hand, though the lower stiffness of OTs and BFP represents higher 
force sensitivity than that of AFM, the probes are more susceptible to thermal 
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fluctuations in position (x2 ~ kBT/kf); on the other hand, AFM’s higher probe 
stiffness results in a stronger fluctuations of the force (f2 ~ kBTkf). More 
specific and subtle drawbacks arise with the recent emergence of dynamic 
force spectroscopy experiments, in which the hydrodynamic interactions may 
have significant influences on the testing of force. As discussed in section 
2.4.2, there exists an inherent exponential dependence of the kinetic rates on 
the energy barriers along the dissociation pathway; accordingly, to get the 
most revealing picture of all conformational and energy transitions, one should 
carry out the testing over many orders of magnitude in loading rate. 
Consequently, under a high speed loading, both the force application and the 
probe movement are retarded by viscous drag; hence a bias to the measured 
force and displacement. In AFM tests, as the fluid pushes past the cantilever 
and applies drag along its full length, the viscous effect is especially critical, 
compared to OTs and BFP which use micro-sized bead probes. But this 
advantage of OTs and BFP over AFM is attained by sacrificing their working 
range. Within the effective operating scope, OTs and BFP behave as linear 
springs. Unfortunately, when the OTs probe bead moves beyond the vicinity of 
the light focus, its potential well deviates from harmonicity [84]. Similarly, 
when large extension is applied to the pressurized red cell, BFP exhibits a 




2.4.4 Ensemble Effect of Multiple Bonds 
 Different from well-controlled experiments, cellular adhesions in real 
livings are not mediated by single interactions but typically by multiple 
connections. In fact, the time-averaged behavior of single molecules is directly 
correlated to the spatial-averaged behavior of a large ensemble of molecules. 
But differing from single bond experiment, the investigation of the adhesion 
and decohesion of multiple bonds is a much more intricate issue, whose 
complication results from the spatial distribution of molecules, the partition of 
force, and the degree of cooperatively among reactive sites. Currently, only a 
few generic types of multiple bonds can be properly interpreted. 
Within an adhesion patch involving parallel multiple bonds, there will be 
a distribution of bound and unbound states. Under disengaging forces, the 
adhesion can be retained by those unbroken, neighboring bonds; meanwhile 
those broken ones still have the chance to rebind. In consequence, the 
time-averaged stress experienced by each bond could exceed the characteristic 
strength of single bond, because the latter immediately ruptures once the 
receptor and ligand are pulled away from their proximity. Therefore, in the 
case of parallel multiple bonds, the adhesion strength is not only determined 
by the unbinding kinetics and loading forces, but also greatly affected by the 
rebinding kinetics as well [85].  
 Besides multiple parallel bonds, biological interactions can also involve 
bonds in series (for example, the cell-cell adhesions which cytoskeleton 
 26
interactions take part in). If the binding probability of two bonds in series is 
less than 1, the overall probability of their simultaneous binding is the product 
of each. As such, compared to single bonds, it takes much less force for the 
cooperative failure of multiple bonds in series [86].  
 In the case of series bonds, force is experienced fully by each bond. As a 
contrast, in the third scenario, a zipper-like array of bonds, force is primarily 
concentrated on the leading ones. Once the leading bonds break, force rapidly 
propagates to the next ones, rendering a cascade of failure. So the final 
lifetime of the cluster is an accumulation of the rupture time of each bond. 
This zipper-like feature was observed in the unfolding of lg domains along 
native titin [87].  
 
2.5 Modeling and Simulation Methods 
The biophysical study has greatly enriched the insights into the kinetics 
and mechanics of cell adhesion. In addition to the biomimetic experiments, 
theoretical analysis is essential in the interpretation and predictions of the 
experimental results. Particularly, the unprecedented advances in computer 
calculation capability have made it possible to develop quantitative models 
and simulations. Studies based these models are able to provide detailed, and 
vivid pictures of those highly complicated biological systems and processes.  
Several classes of simulation methods are dominating in the area of cell 
adhesion studies, and are suited for different spatial-temporal scales. These 
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include molecular dynamics (MD) for molecular scale [88], finite element 
analysis (FEA) for mesoscale [89], and fluid dynamics for macroscale [90].  
In the current project, we build several cell system models using finite 
element method (FEM). Based on these simplified models, we aim to obtain 
profound and innovative understandings that could contribute to the 
biophysical research of cellular adhesions. 
The finite element method (FEM) is a powerful numerical technique. 
Obeying fundamental physical principles, it establishes a system of differential 
equations to govern the behavior of physical systems. Typical FEM analysis is 
very methodical and can be divided into a sort of standard steps: 
1) The distributed physical system to be analyzed is divided into a number of 
discrete elements which are connected at their nodes. The shape of 
elements may partly correspond to natural subdivisions of the system 
structure. 
2) For each element, the corresponding displacement is assumed to be a 
low-degree function. 
3) The equilibrium relation between element stiffness matrix, nodal force 
vector, and nodal displacement vector is expressed by a set of linear 
algebraic equations. 
4) A global equilibrium equation system is assembled according to the 
continuity requirement in the nodal interconnections. 
5) The global algebraic equations are solved for unknown displacements.  
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6) Element stresses and strains are derived from the nodal displacements. 
Following this highly systematic procedure, researchers are able to predict 
the response of the complicated physical systems to the external influences.  
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Chapter 3  
A Computational Model for Cell Adhesion  
 
In this chapter, we propose a computational model to study biomimetic 
vesicle spreading to a flat substrate. The governing equations of cell-substrate 
interactions are implemented in a finite element scheme to simulate the entire 
process of cell adhesion. Parametric studies were conducted to investigate the 
effects of system parameters on the adhesion kinetics.  
 
3.1 Representative Models of Cell Adhesion 
Cell adhesion is initiated as a shallow contact driven by weak, 
non-specific forces including attractive van der Waals forces, electrostatic 
forces, and repulsive steric forces. It is then strengthened by a deep adhesion 
mediated by the specific binding between receptors and ligands [10, 11]. 
Meanwhile, this specific interaction serves as stimuli for a complex cascade of 
signaling events [55], which subsequently triggers remodeling of cytoskeleton, 
resulting in contractile force generations and cellular morphological changes 
[56]. 
Many experimental studies on cell adhesion have confirmed the concerted 
action of both adhesive membrane proteins and cytoskeletons [64, 91, 92], in 
which the latter greatly adds to the complexity of the theoretical research. 
Fortunately, the actively driven cytoskeletal remodeling was identified to 
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occur over several tens of minutes, much longer than the time scales of 
adhesion dominated by the mechanical response of the cell [93]. It was also 
observed that cells are capable of exerting significant forces before complete 
actin polymerization or visible stress fiber formation [94]. Therefore, in the 
biomimetic systems involving synthetic vesicles which are devoid of 
cytoskeletons, the complexity of cytoskeletal rearrangement or intracellular 
signal transition can be avoided, while important insights into the physical 
features of cell adhesion can be still obtained by studying the passive 
spreading process [95]. 
To elucidate the kinetics and mechanics of this passive vesicle spreading, 
researches have conducted a series of theoretical modeling studies, upon 
which a comprehensive biophysical picture has been drawn.  
 
3.1.1 Equilibrium Thermodynamics Framework 
A general thermodynamic framework for cell adhesion was established in 
the works by Bell and his co-workers [10, 11]. In view of a basic knowledge 
of the competition between the specific bonding and non-specific repulsion, 
they performed a rigorous calculation of the thermodynamic tendency of two 
cells to cohere. If cells are at infinite separation, the Gibbs free energy of the 
system is the simple sum of independent contributions from individual cells; if 
the cells move closer to each other, the intercellular forces, both attractive and 
repulsive, start to interact, causing a free energy change; Finally, in some 
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configurations, the repulsive barrier will be counterbalanced by the specific 
bonding interactions, the free energy will be minimized, and a complete 
adhesion will result. This adhesion involves a redistribution of receptors into 
the contact region, because a sufficient degree of bonding is required to 
overcome the repulsive barrier.  
Another substantial contribution from Bell is their enlightened 
understanding of the binding reaction between receptors and ligands. 
Proposing a bond rupture rate kr, he suggested that this rupture rate is not a 
constant, but a function of applied force f. Because a major role of the specific 
binding is to provide mechanical linkage against the disengaging forces, and 
the possibility that the two binding proteins, receptor and ligand, remain in the 
association state will be reduced by the disengaging forces.  
In short, Bell provided a simplified equilibrium thermodynamic language 
to predict the cell-cell adhesion behaviors, and assumed a kinetic model to 
describe binding reactions between receptors and ligands. By means of this 
quantitative approach, they were able to compute the end results of the 
attractive and repulsive balance; they were also able to derive in a 
straightforward manner the effects of cell deformability, the Young’s modulus 
for stretching of bridges, receptor diffusions and the strength of the specific 
bonds. These pioneering studies provide a generic framework, giving a 
preliminary estimation of the equilibrium contact area, and cell-cell or 
cell-substrate separation distance.  
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3.1.2 Cohesive Zone Models 
 
Figure 3.1 Illustration of one-dimensional tape peeling model for cell 
adhesion. A macroscopic tension Tmac is applied to the free region of the 
membrane, which forms a macroscopic contact angle mac with respect to the 
substrate. The adhesion is sustained as a mechanical balance between the 
principle tension Tm, the transverse shear Qm, and the adhesive stress adh. 
 
The process of adhesion and de-adhesion of a cell from a substrate tissue 
was subsequently modeled by Evans (1985), adopting a traditional cohesive 
zone model based on one-dimensional tape-peeling analysis as shown in 
Figure 3.1 [16]. In this model, the adhesion forces are assumed to be in finite 
range. Thus, in equilibrium, there are two membrane regions: a free region 
where membranes are not subject to cell-substrate interactions, and an 
adherent region where membrane and substrate are held together by 
receptor-ligand bindings. The mechanics for each region was analyzed 
separately, and then continuity of the solutions at the interface was required. In 
consequence, the deformation of the membrane can be calculated through its 
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mechanical energy balance. A primary feature of this model is the application 
of a traction-separation relation, in which the various types of intercellular 
forces are lumped together as a function of the cell-substrate separation 
distance.  
 
3.1.3 Kinetic Models Involving Nucleation and Growth Process 
Despite the pioneering thermodynamic equilibrium framework established 
by Bell [11], cell adhesion is in fact a non-equilibrium process and can be 
better understood in terms of nucleation and growth process. Extended from 
Bell’s preliminary concept [10], several kinetic models have been proposed, 
for example, reaction kinetics and Monte Carlo simulations, to describe the 
forward binding reaction between receptors and their complementary ligands 
[18, 21, 22]. Soon afterwards, Boulbitch and co-workers (2001) proposed a 
biomimetic model to study the spreading of synthetic vesicles, based on the 
receptor diffusion and binding/un-binding reactions [23]. This model was then 
extended to include the mechanics of the cell membrane [24].  
In this model, the authors examined the growth of a circular adhesion 
front that advances by recruiting receptors from non-adhered part of 
membrane towards a close proximity to the substrate. It is common among 
living cells that the mean mobile receptor density is insufficient to overcome 
generic resistance against the close approach of the membrane to the substrate. 
Therefore, for the membrane to adhere, receptors must be drawn from adjacent 
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regions to join the patch in which they are able to specifically bind to their 
complementary surface ligands. Only when the bond density becomes large 
enough could the adhesion happen. Intuitively, the diffusive receptor transport 
is assumed to be driven by a chemical potential gradient.  
 
3.2 Issues Remaining Disputed 
Although the adhering model vesicles have been extensively studied at the 
cellular scale, and considerable advances have been achieved, several issues 
are still in need of in-depth understanding. Firstly, cell adhesion is a 
non-equilibrium process since it can be either binder diffusion-limited or 
binder chemical reaction-limited [23]. Secondly, considering the marked 
difference in their interaction strength and length scales, it would be expected 
that specific and non-specific force plays different parts in regulating the 
adhesion. However, cohesive zone models lump all the interactions between 
the cell and substrate into a relatively simple traction-separation relation, 
failing to differentiate non-specific and specific interactions [16]. Thirdly, the 
binding and unbinding kinetics of a collection of receptor-ligand bonds were 
found to be affected by several parameters, for example, interfacial stress and 
receptor-ligand separation distance [25]. Therefore, how to incorporate these 
effects into a chemical reaction kinetics model is worth studying. Finally, 
receptors diffuse from free membrane to the adhesion front, and only at close 
enough approach to the substrate can they interact with ligands. Hence the 
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bond formation can be limited by the vesicle’s ability to recruit receptors to 
the spreading front [23, 24]. Therefore, the diffusion of receptors on the cell 
membrane needs to be considered in formulating the adhesion model.  
 
3.3 Model Formulation 
Based on the current understandings of cell adhesion, and to address the 
abovementioned issues, we establish a continuum modeling framework to 
simulate cell spreading on a substrate surface.  
Cell adhesion is schematically illustrated in Figure 3.2. The cell is 
modeled as a simplified biomimetic vesicle, whose membrane is a cellular 
phospholipid bilayer, doped with a controlled set of binder proteins. Enclosed 
by the membrane is a fluid of constant volume. The ligands on the substrate are 
 
Figure 3.2 Schematic of vesicle adhesion mediated by the diffusion of the 
receptors and the binding of the receptor-ligand pairs; n is the surface unit 
normal vector and t is the surface unit tangent vector. 
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assumed to be fixed in position; while the mobile receptors on the cell 
membrane are uniformly distributed initially, but will be redistributed when 
subject to non-specific and specific interactions with the substrate. A 
traction-separation relation is used to describe the non-specific interaction 
between the cell and the substrate, while a chemical reaction equation is 
adopted to describe the specific interaction between the receptors and ligands. 
A diffusion model is proposed to describe receptor movement within 
membrane driven by non-specific force.  
 
3.3.1 Non-specific Interaction between Receptors and Substrate 
The phospholipid bilayer membrane is doped with biotin molecules which 
are able to move within the lipid membrane, while the rigid substrate surface 
is doped with a uniform distribution of immobile straptavindin. The receptors 
on the membrane can diffuse within the membrane when subject to 
non-specific forces. Here the non-specific force is assumed as a sum of 
various types of forces, as we discussed before, attractive van der Waals forces, 
electrostatic forces, and repulsive steric forces [81]. If these attractive forces 
are assumed large enough to overcome the repulsive forces, the receptors will 
diffuse towards the substrate. Non-specific interactions between the cell and 
substrate are usually long-ranged but much weaker than specific interactions. 
Therefore the vesicle adhesion is mainly mediated by the specific interactions 






































Figure 3.3 Variation of receptor density caused by diffusion of the receptors 
on the cell surface. Receptors can diffuse from D to B due to the attraction of 
the nonspecific tractions and from E to D due to the receptor density gradient. 
 
role in pulling the receptors on the membrane to diffuse down towards the 
substrate to interact with the ligands to form specific bonds. To specify the 
range and magnitude of the non-specific interaction, the traction separation 
relation was used. Similar relations were also adopted to model the interface 
decohesion of biomaterials [96, 97]. For simplification, we adopt the 
following a linear traction-separation relation to define the traction on 
























              (3.1) 
where r is the total receptor density, b is the density of receptor-ligand bonds, 
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Tn is the traction force per unit area on the mobile receptors with a density of 
r - b,  measures the separation between the receptors and the substrate, H is 
the non-specific pulling force acting on a single receptor at the reference state 
 = 0, and c is the cutoff interaction distance beyond which the non-specific 
interaction becomes negligible (see Figure 3.3).  
 
3.3.2 Specific Interaction between Receptors and Ligands 
Cell adhesion is mediated by specific interactions between receptors and 
ligands. The kinetics and mechanics of cell adhesion are coupled, because 
specific interaction exerts not only the mechanical load for cell-substrate 
adhesion, but also strongly influences on the dissociation rates of 
receptor-ligand bonds as well [10, 11, 16, 25]. Many studies on individual 
specific bonds tethered to solid surfaces have revealed that the dissociation 
rate of such bonds is drastically increased upon force application. Besides, it 
was also shown recently that the distance between receptor and ligand is an 
important parameter controlling the specific bond formation [25]. Based on 
these understandings, the following reaction equation is proposed for the 
receptor-ligand formation: 
2
0 0( )( )b bKTb f r b l b r b
d k e k e
dt
δ




= − − −
        (3.2) 
where l is the ligand density on the substrate surface, 0fk  and 
0
r
k  are the 
forward and reverse reaction rate coefficients, respectively, b is a 
characteristic length, K is the Boltzmann constant, and T is the absolute 
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temperature; Γ is the energy due to the specific traction Ts,  
δsT2
1
=Γ  and δρ 0kT bs =              (3.3) 
where k0 is the stiffness of a single receptor-ligand bond.  
 
3.3.3 Receptor Diffusion on Cell Membrane 
Both non-specific interaction forces and the non-uniformly distributed 
density will result in receptor diffusion flux within the bilayer membrane. For 
the receptor diffusion caused by density gradient, the diffusion flux on the 







ρ               (3.4) 
where D is the receptor diffusivity on the membrane. For diffusion flux driven 
by non-specific traction, it was assumed to be proportional to the traction 
tangential to the membrane surface, therefore  
)cos(αnT MTj =
             (3.5) 
where M is the receptor mobility in the membrane under the non-specific 
attractive force, Tncos(α) represents the tangential component of the traction. 
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Since the number of receptors in the lipid membrane is conserved, the 
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Consequently, r is a function of the time and location on the vesicle 
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membrane surface. Its distribution during the spreading process is shown 
schematically in Figure 3.3, where a portion of the cell membrane is assumed 
to have adhered to the substrate with Point B at the adhesion front, Point D is 
at the cutoff position of the nonspecific force, and Point E is in the undisturbed 
zone. It is further assumed that the receptors in the adhered area AB are 
immobilized. The receptors in the BD zone would move along the arc BD 
towards Point B under the attraction of the non-specific forces which act 
downwards and had a tangential component along the arc BD. This 
consequently leads to a receptor density gradient in the zone DE, causing 
further recruitment of receptors from the undisturbed area towards Point D.  
 
3.3.4 Model Formulation for Vesicle Structure and Substrate 
The vesicle undergoes large deformation during adhesion process. 
Therefore, it is proper to employ a hyperelastic material model to describe the 
vesicle bilayer membrane. In the present work, an incompressible 
neo-Hookean hyperelastic shell was chosen to model the composite layer of 
the lipid bilayer membrane and its supported spectrin network. The strain 
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where G  is the initial bulk shear modulus and i (i = 1,2,3) are the principal 
stretches. If incompressibility is assumed, 123 = 1. The true (or Cauchy) 
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the true strain. The neo-Hookean hyperelastic potential is known to be 
reasonably accurate even when the maximum strain is of the order of 100% 
[99]. Previous studies have shown that the effect of membrane viscosity on 
cell deformation was negligibly small [99, 100]. Therefore the membrane 
viscoelasticity was not accounted for in the present work.  
The cytoplasm is idealized as an incompressible fluid [98]. For 
simplification, the fluid was assumed to be homogenous in composition and 
density. The fluid exerts a uniform pressure on the cell membrane. When the 
cell membrane deforms, the volume of cytoplasm remains constant but the 
pressure may change. The viscosity of the fluid can be ignored [99].  
To simplify the model, the substrate to which the vesicle adheres was 
assumed to be rigid. Interpenetration of the membrane and the substrate 
surface was not allowed. It was further assumed that there was no friction 
between the membrane and the substrate surface.  
 
3.4 Simulation Model and Numerical Procedure 
An axi-symmetic finite element model was used to simulate the cell 
adhesion problem. The deformation of the vesicle was computed using a 
commercially available general purpose finite-element package ABAQUS [98]. 
The membrane was modeled by shell element. A user subroutine following 
ABAQUS regulations was coded to delineate the formation and dissociation of 
the receptor-ligand bonds. Hydrostatic fluid elements were used to analyze the 
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mechanical response of the fluid-filled cavity. It should be noted that the finite 
element computation was a highly-nonlinear static analysis due to the cell 
membrane hyperelasticity and contact interfaces. To ensure numerical stability 
of the solution, a small damping factor was introduced in the calculations.  
The spreading process was simulated in an incremental manner in a 
number of steps. Each incremental step consists of two parts. In the first part, 
the traction forces acting on the vesicle surface were calculated and diffusion 
of the receptors on the membrane surface was analyzed. Finite element 
procedure has been developed to solve this diffusion equation. These 
calculations were performed based on the current cell configuration. After the 
traction forces at all element nodes were obtained, the new receptor densities 
were computed. In the second pat, based on the computed traction, the 
deformation of the vesicle under the non-specific traction forces and the 
specific bond forces were analyzed on the ABAQUS platform, while ensuring 
that the contact condition was satisfied. The bond forces and bond density 
were computed in the abovementioned user subroutine at each iteration 
increment. The updated vesicle shape and densities of the receptors were then 
utilized for the next step. As the simulation proceeds step by step, the vesicle 
spreads on the substrate in response to the non-specific and specific tractions, 
until the deformation and receptor diffusion reached equilibrium with no net 
receptor flux on the membrane and no further increase in the adhesion area. 
The analysis is therefore terminated. 
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The values of typical parameters of our model for biological systems were 
chosen based on previous works [41, 101]: the shear modulus of cell wall G = 
6 KPa and the thickness of cell wall h = 20 nm; the cell radius R0 = 3.1 µm; 
the adhesion force coefficients H = 1 pN and c = 0.1 µm; the bond 






= 10-5 /s, k0
 
= 10-3 N/m 
and b = 0.01 µm; the receptor diffusivity D = 10-3 µm2/s and mobility M = 
2.5×105 µm/µN·s; the ligand density l = 5000 µm-2 and initial receptor 
density r0 = 300 µm-2; the diffusion time step ∆t = 10 ms. The initial 
configuration is chosen as a spherical vesicle with a uniform distribution of 
receptors on its surface making a point contact with a flat surface covered by a 
uniform and fixed distribution of ligands. 
Our simulation results were reported using the following normalization 
scheme: length was normalized by the diameter of the vesicle, i.e., 0 0a D= , 
time by 20 0 /t a D= , energy by 0 RE KT= , where K  is Boltzmann constant 
and RT  is the room temperature; force by 0 0 0/F E a= . 
 
3.5 Simulation Results 
3.5.1 Simulation Results for a Typical Case 
Figure 3.4 shows the spreading kinetics for the typical case. Initially, there 
is no specific adhesion, and the binding starts from a small contact area with 
shallow adhesion mediated by non-specific force between the vesicle and the 
substrate. At the early stage, the specific force increases rapidly because of the  
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Figure 3.4 The curve of binding area vs. spreading time for the typical case 
(H=1 pN, c = 0.1 µm, 0fk  = 10-1 µm2/s, 0rk  = 10-5 /s, k0 = 10-3 N/m and b = 
0.01 µm). The fitting at the early stage (dashed line) shows a scale of a2 ĝ t, 
which is consistent with the theoretic prediction. 
 
rapid increase in receptor-ligand bond number. Subsequently, the binding area 
growth levels off and gradually stabilizes at equilibrium state. The equilibrium 
is achieved only when no net diffusion fluxes occur on the surface and the 
reaction to form receptor-ligand bonds reaches steady state.  
The adhesion of a single giant vesicle onto a solid substrate was studied 
previously [12, 102]. When the coverage of receptors on the vesicle is much 
lower than ligands on the substrate, which is the case in our present model, it 
was found that the spreading front motion following the square root law a ~ t, 
namely a2 ~ t, where a is the radius of the binding area, and t is the spreading 
time. In a subsequent experimental study [95], a similar power law a ~ tn was 
obtained with an exponent n = 0.48 ± 0.06. It was recognized that this square 
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root law is only valid when the receptor-ligand bond formation is much faster 
than receptor diffusion on the membrane; otherwise the exponent drops down 
to n = 0.27 ± 0.04 [95]. However, none of these observations exactly match 
our results. It is found that in Figure 3.4, only the initial part of the curve can 
be fitted by the linear relation between the binding area and the spreading time 
(a2 ~ t), and then the exponent levels off in the later stage. This level-off is a 
direct outcome of the limited vesicle size and the finite number of receptors 
available for forming bonds. As the spreading proceeds, the further growth of 
the binding area is hindered by this limitation of membrane size and 
consumption of available receptors. Consequently, the vesicle adhesion will 
come to saturation sooner or later, and become stable eventually. These 
limitations are not imposed in the previous studies. Therefore, in their results, 
the adhesion area increases continuously, showing no necessary saturations.  
Figure 3.5 shows the normalized specific force and the receptor-ligand 
bond number varying with time in the whole spreading process. It is evident 
that once the vesicle approaches the substrate, specific force built up 
immediately due to the substantial increase of the receptor-ligand bond density. 
As the adhesion expends, most of the bonds are aligned within the patch 
paralleled with the substrate, and hence not under adhesive stresses anymore. 
Only those few newly formed bonds at the adhesion front contribute to the 
increase of specific force, and the propagation of the adhesion. As a result, 






































Figure 3.5 The curves of total normalized specific forces (solid line) and the 
total number of receptor-ligand bonds (dashed line) vs. spreading time for 
















Figure 3.6 Distribution of the normalized receptor density (ρr/ρr0) along the 
normalized arc length (s/a0) at different stages of spreading with ac /a0 = 0.97, 
1.02, and 1.03. 
 
magnitude of the specific force raises in a steadier but lasting manner. 
In our simulations the receptors were diffusible in the cell wall while the 
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ligands were assumed immobile on substrate. The variation of the normalized 
receptor density (ρr/ρr0) along the normalized arc length (s/R) was plotted in 
Figure 3.6. Although the density specified in the cell wall is initially uniform 
before cell spreading, the normalized receptor densities exhibits different 
trends for the three spreading stages with ac /a0 = 0.97, 1.02, and 1.03 
respectively, where ac is the radius of binding zone. It is seen that when ac /a0 = 
1.03, the density increases about 28% at the adhesion front and decreases 
about 40% at the cutoff position. This receptor redistribution is found to 
markedly affect the receptor-ligand bond formation, which in turn affects the 
cell adhesion behavior.  
 
3.5.2 Parametric Studies of System Parameters 
To further understand how vesicle spreading kinetics depends 
quantitatively and qualitatively on system parameters, we performed 
parametric studies to investigate the influence of system parameters. In our 
parametric studies, typical values of the system parameters were employed 
unless stated otherwise. 
 
A. Effects of Non-specific Parameters H and δc  
In Figure 3.7 and Figure 3.8, we plotted the normalized binding area as 
functions of spreading time for different values of H and c, respectively. It is 
seen that the increase of either H or c leads to the increase of spreading rate 
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and binding area. The only difference is that in Figure 3.7 the curves overlap 
at the initial stage and tend to saturate as H increases, whereas these two 
characteristics are not observed when varying c, as shown in Figure 3.8. This 
can be explained by the different spreading stages.  
In the initial stage of adhesion, c determines the size of zone under the 
non-specific force, while H influences the strength of this force. It is obvious 
that the effect of c is significant from the very beginning, while the effect of 
H is not apparent, that is, the curves for different H overlap at the initial stage. 
In the subsequent adhesion (dominated by specific force), c determines the 
region of membrane within which the receptors are under the non-specific 
force, thus can be pulled down toward to the adhesion front to form bonds. 
While the coefficient H controls the magnitude of this pulling force. 
Increasing H implies an elevated receptor influx, and hence an accelerated 
bond formation and spreading velocity. However when H is too large, its 
influence becomes less significant; and this means that other factors emerge to 
control the adhesion. 
As shown in Figure 3.3, there could be three kinetic processes for the cell 
adhesion: 1) The receptor diffusion flux driven by the receptor concentration 





; 2) The receptor diffusion flux driven by the attractive 







; and the bond formation rate at 
the adhesion front 
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slowest process among them will be the major limiting factor to the adhesion.  
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Figure 3.7 The curves of binding area vs. spreading time at different 
non-specific force coefficient H. 
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Figure 3.8 The curves of binding area vs. spreading time at different 
non-specific force cut-off distance c. 
 
Figure 3.9 displays the receptor density distribution along the vesicle arc 
length at the late stage of spreading. It is shown that when H rises to 5 pN, the 
receptor density at the non-specific force cut-off position drops to nearly 0. 
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This means that receptors are already drained out at this position. This 
happens because when H is too high, the receptor influx to the adhesion front 
j2 is so high that there would not be adequate time for receptors to diffuse to 
the cut-off front to compensate for the reduction of receptor concentration. 
Therefore, it can be concluded that the saturation observed for high values of 
H results from the limitation of j1, that is, the receptor diffusion from the 
























Figure 3.9 Distribution of the normalized receptor density (r/r0) along the 
normalized arc length (s/a0) at the final stage of spreading with different H. 
 
B. Effects of Specific Parameters 0fk  and δb 
Both 0fk  and δb directly affect the forward rate of bonding reaction. The 
coefficient 0fk  influences the maximum value of the rate, while the 
characteristic length δb determines the range within which the bond formation 
will most likely happen.  
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Figure 3.10 shows the binding area as a function of spreading time for 
different values of 0fk . It is observed that a change of 
0
fk  from 0.01 to 0.2 
µm2/s leads to an obvious increase in both the spreading velocity and binding 
area. The change of spreading kinetics is remarkable as 0fk  increases from 
0.01 to 0.1 µm2/s. The curve for 0fk  = 0.01 µm2/s exhibits a much weaker 
power law, compared to other two. This is a regime limited by the bond 
formation rate (reaction-limited regime), a case reminiscent of the 
observations in [95]: as the binding rate is no longer much faster than diffusion 
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Figure 3.10 The curves of binding area vs. spreading time at different forward 
reaction rate coefficient 0fk . 
 
time, the spreading front motion displays a power law with exponent n = 0.27 
± 0.04. Beyond 0.1 µm2/s, the change of spreading kinetics is attenuated as 
0
fk  is further increased, which means that the limiting factor that dominates 































Figure 3.11 Distribution of the normalized receptor density (ρr/ρr0) along the 
normalized arc length (s/a0) at the final stage of spreading with different 0fk . 
 
(either j1 or j2 as shown Figure 3.3). By plotting the receptor distribution for 
different 0fk  at the late stage in Figure 3.11, we found that there were still 
enough free receptors at the cut-off location. Therefore, it is concluded that the 
diffusion influx j2 limits the adhesion at high values of 0fk . When 0fk  is too 
large, that is, the bond formation rate is so high that there will not be enough 
time for free receptors to move from the cut-off location to compensate for the 
reduced receptor concentration at the adhesion front. As a consequence, 
saturation is obtained.  
Figure 3.12 shows the binding area as a function of spreading time at 
different δb. δb is the characteristic length, within which the probability of 
bond formation is close to 1, while beyond which this probability drops to 0 
rapidly; Thus similar to 0fk , an increase of δb effectively facilitates the receptor 
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Figure 3.12 The curves of binding area vs. spreading time at different 























Figure 3.13 Distribution of the normalized receptor density (ρr/ρr0) along the 
normalized arc length (s/a0) at the final stage of spreading with different δb. 
 
consumption at the spreading front. Therefore the curves display the same 
trends as δb increases, and saturation was also observed at higher values of δb. 
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To elucidate the limiting factor which causes the saturation, we plotted the 
receptor distribution for different δb at the late spreading stage in Figure 3.13, 
and it is shown that the valley point at the non-specific force cut-off position is 
still larger than 0. This implies that, similar to 0fk , it is the limitation of the 
diffusion influx j2 that causes the saturation for high values of δb.  
 
C. Effects of Reverse Reaction Rate Coefficient 0rk  
It was shown that when the receptor-ligand bonds are under stress, their 
lifetime may be decreased [25]. Therefore, a reverse reaction rate was 
introduced in the present model, and the rate has a base value of 0
r
k  when a 
receptor-ligand bond is free of stress. Figure 3.14 plots the binding area as a 
function of spreading time for several different 0
r
k . An order increase in 0
r
k   
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Figure 3.14 The curves of binding area vs. spreading time at different 




gives rise to a less than 5% decrease in the binding area. The insignificant 
change reveals that during the spreading process, bonds are just slightly 
stressed. As a result, the effect of reverse reaction rate is insignificant. 
However, in the peeling and pulling test, it is expected that the reverse reaction 
rate would play an important part in controlling the cell unbinding kinetics [18, 
25, 103, 104]. 
 
3.6 Discussion and Conclusions 
In the present work, a simplified cell system model was employed to 
reveal rich kinetic phenomena in the study of cell adhesion. Several 
refinements have been made over the previous models. Firstly, non-specific 
and specific interactions have been separated based on their very different 
natures and functions. Secondly, a chemical reaction equation was introduced 
to describe the binding and unbinding events between receptors and ligands. 
Effects of both the interfacial stress and receptor-ligand separation were 
considered. The results of the calculations exhibited the different spreading 
stages mediated by different mechanisms, and revealed different distinct 
regimes in which adhesion is limited by different mechanisms. By introducing 
the recruiting role of attractive nonspecific forces, we have demonstrated three 
possible limiting regimes for the cell adhesion: 1) the receptor concentration 
gradient driven diffusion limited regime; 2) the attractive non-specific force 
driven diffusion limited regime, and 3) the bond formation rate limited regime. 
Among them the slowest process will be the major limiting factor to the 
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adhesion. The relative magnitude of the three parameters, that is, D, H and 0fk , 
controls which process is the limiting one. Our simulations have shown that 
when D is small while other remaining two are large, the receptor 
concentration gradient driven diffusion will be the limiting process. When H is 
small while other remaining two are large, the attractive non-specific force 
driven diffusion will be the limiting case. When 0fk  is small while other 
remaining two are large, the bond formation process is the limiting one. It is 
also shown that the effect of the reverse reaction rate 0
r
k is insignificant due to 
lower stress state for receptor-ligand bonds. 
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Chapter 4  
A Computational Model for Biomembrane 
Force Probe (BFP) 
 
As revealed by the parametric studies of the cell adhesion model in 
chapter 3, merely studying the adhesion process is not enough for unraveling 
the full story of the intercellular interactions; a comprehensive grasp of this 
issue requires in-depth studies from both adhesion and detachment 
perspectives, of which the latter one is the endeavor in the rest part of our 
project. However, before entering the study of cell detachment, we must be 
fully aware of the pros and cons of the chosen force-measurement technique. 
The suitable technique should possess both adequate resolution and 
satisfactory accuracy. Moreover, for specific application in the microscopic 
cellular systems, the technique must be able to detect the greatly varying 
forces spanning from 1 to 100 pN (e.g., myosin-actin and kinesin motor 
tractions ~1 pN) [30, 85, 105]; thus the force probe should be highly flexible, 
with a tunable stiffness in a wide range. Although AFM is the best established 
technique to date, its application is limited by the fixed stiffness [29]. Optical 
tweezers allow tuning of the trap stiffness, but due to the occurrence of 
radiation damage, only force below 50 pN can be applied [82, 83]. 
Consequently, the Biomembrane Force Probe (BFP) emerges as the most 
proper one with both high flexibility and reasonable accuracy; it also avoids 
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the combination with the high-resolution light microscopy, which significantly 
adds to the structural complexity. Besides, the ultra-soft interface in biology 
can be easily displaced by thermal fluctuation, its surface topography is rough 
and lacks precise definition; thus BFP’s subtle drawback in spatial resolution 
is not an essential problem in cellular biological systems [31, 32].  
The linear relationship between stiffness and aspiration pressure is a basic 
characteristic for using BFP. Therefore, in this chapter, the BFP experiment is 
modeled and simulated based on a finite element (FEM) formulation of 
biomembrane deformation, followed by a study on the effects of system 
parameters on its pressure-dependent stiffness. The simulation results are 
compared with previously published data and a discrepancy is revealed; the 
discrepancy is then discussed and further interpreted by a semi-analytical 
model.  
 
4.1 An Introduction of Previous BFP Studies 
BFP has been originally developed by Evans and co-workers [31], further 
studied [32, 33, 34] and frequently used to measure minuscule forces in 
various physical and biological applications, such as single-molecule studies 
of neutrophil adhesion [35-38], examination of cell membrane’s thickness and 
compressibility [40], and inspection of cell-surface interactions [41]. As 
shown in Figure 4.1, the BFP force transducer consists of a pre-swollen 
cell-sized membrane capsule which is suctioned by a
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Figure 4.1 Schematic of a BFP setting. Left: A cell of initial radius R0 is 
partially aspirated into a micropipette of a radius Rp using a negative suction 
pressure ∆P, resulting in a projection length lp. The cell is glued to a 
microbead with a constant contact radius Rc. Right: The pipette is pulled 
back by an imposed incremental displacement d, which causes a retraction of 
the projection length. The membrane deforms under the axial load f. 
 
 
At the other end of the pipette, the cell is glued onto and forms a circular 
contact with a microbead, the displacement of which is opposed by tension of 
the cell membrane. The axial displacement of the membrane capsule produces 
minuscule forces well defined by the transducer’s stiffness, which can be 
easily tuned by simply changing the suction pressure of the micropipette 
and/or the pipette radius. 
An essential prerequisite for application of BFP is a detailed investigation 
of the probe’s force-displacement relation, and more practically, a thorough 
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perspective of its pressure-tuned stiffness. This particular topic was discussed 
by Simson and co-workers [32], who showed a linear force-extension relation 
of BFP in a small extension range and derived an approximate expression for 
the BFP stiffness, which was found to be in direct proportion to the 
micropipette aspiration pressure. Their calculations were then confirmed by 
Heinrich and Ounkomol [33], who proposed an alternative approach with an 
exact but more straightforward numerical derivation. When the axial 
displacement was confined to the linear regime, a good agreement was found 
between these two studies, thus providing a theoretical basis for BFP. More 
recently, Freund [34] introduced a mathematical model with easier formulation 
and fewer a priori assumptions than the previous studies [31, 32, 33]. 
In spite of the remarkable progress in understanding the relationship 
between BFP stiffness and its micropipette aspiration pressure, a closer 
inspection reveals that most of the previous theoretical studies were based on a 
membrane configuration whose micropipette-aspirated portion consists of a 
hemispherical cap and a cylindrical part. This cap-cylinder configuration, in 
the present context, is referred to as the linear characteristic regime due to its 
linear relation between the stiffness and the aspiration pressure. However, 
when relatively low aspiration pressure is applied or a narrow pipette is used 
or the membrane is too stiff, only a very small portion of the membrane would 
be suctioned into the pipette, forming a sub-hemispherical cap without the 
cylindrical part as the length of the membrane projected in the pipette is 
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smaller than the pipette radius. Here we will show that this scenario leads to a 
nonlinear relation between the stiffness and the aspiration pressure, which will 
be referred to as the nonlinear characteristic regime. The present chapter is 
aimed to specify conditions for transition between the two characteristic 
regimes and to determine characteristics of the nonlinear regime which could 
also have potential applications. 
 
4.2 Computational Model and Simulation Procedure 
4.2.1 Model Formulation 
Following the protocol of previous BFP experiments, we used a 
pre-swollen, spherical-shaped red blood cell as the force transducer. The 
natural shape of physiological erythrocyte is a biconcave disk, whose 
membrane is a highly deformable, two-dimensional structure with very small 
area compressibility [106-108]. The resistance of this membrane structure to 
deformation mainly comes from its shear rigidity, which is around 10 N/m 
[106]. However, when the red cell is osmotically swollen, the cell surface will 
approach a spherical conformation, and large isotropic tensions are developed. 
In this case, determination of membrane deformation requires inclusion of the 
area dilation modulus, which was measured to be in the range of 300-500 
N/m [108, 109]. This is much larger than the elastic shear modulus, whose 
contribution hence becomes insignificant. In addition, the high compliance of 
the thin cell membrane allows us to neglect its bending rigidity, which ranges 
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from a few to a few tens of kBT [110-113]. 
In our FEM simulations, an axisymmetric model has been developed for 
the BFP assembly. The composite layer of the red cell membrane was modeled 
as an elastic orthotropic shell with in-plane shear rigidity of 10 µN/m and area 
dilation modulus of 450 µN/m [109]. This relatively high value of area 
dilation modulus keeps the area of the cell membrane from obvious change 
during membrane extension [31, 32, 33]. Hydrostatic fluid elements were used 
to analyze the mechanical response of the fluid-filled cavity inside the cell; a 
bulk modulus of 2 KPa is defined for the internal fluid and a hydrostatic 
pressure p0 is assigned with an initial value of 10 Pa, permitting a finite 
volume change during micropipette aspiration, and a negligible volume 
change during membrane extension [114, 115, 116]. The cell is in contact at 
one end with the inner surface of the pipette, which is modeled as a rigid 
material, and connected at the other end to the microbead, which is also 
modeled as a rigid material. The radius of cell-microbead contact disk is 
denoted as Rc. 
 
4.2.2 Simulation Procedure 
The simulations were performed in two phases: In the first phase, as 
shown in Figure 4.1, the pipette was fixed in space and the cell was aspirated 
into the micropipette by a suction pressure of a magnitude ∆P with the 
micropipette fixed in space. In the nonlinear finite element iterations, the 
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pressure ∆P was applied incrementally through N steps (N = 37 in the present 
simulations). In each step, a pressure of ∆P/N was applied on the upper part of 
the membrane inside the pipette; mechanical equilibrium is achieved through 
an implicit static analysis, and numerical convergence of the membrane 
displacement is ensured. As a result, a portion of the cell was drawn into the 
pipette. The depth of the aspirated cell inside the pipette was referred to as the 
projected length and denoted by lp. In each of the subsequent steps, an 
incremental pressure of ∆P/N was applied on the deformed configuration, until 
the specified suction pressure ∆P was reached. The bead is free and would 
follow the movement of the cell. In the second phase of the simulation, the 
bead is fixed in space but the pipette was pulled back step by step with a 
specified incremental displacement ∆d, thus accumulating to an enforced 
upward displacement d ( = n∆d) applied to the pipette at the n-th step of this 
phase. The upper cell membrane was forced to move upward as it was held in 
the pipette by a negative suction pressure, while the lower part was connected 
to the bead now fixed in space. The whole deformation process was 
implemented and computed using a commercially available general purpose 
finite-element package ABAQUS [98]. 
 
4.3 Simulation Results 
We perform parametric studies to examine the force-deflection relation by 
varying system parameters. By doing so, we would like to demonstrate the 
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existence of a nonlinear characteristic regime. For the purpose of comparison, 
the values of typical parameters in our model were chosen based on previous 
studies [32, 33]: the thickness of the cell wall is taken to be h = 20 nm; the cell 
radius Rcell = 3.53 µm; the micropipette inner radius Rp = 0.95 µm; the 
microbead radius Rb = 2 µm; the radius of the membrane-bead contact disk Rc 
= 0.6 µm; the suction pressure ∆P = 485 Pa; the incremental pulling 
displacement ∆d = 0.1 µm; and the total pulling displacement d = 1.7 µm.  
 
4.3.1 Force-Deflection Relations for Different Aspiration Pressures 
Applying five different levels of aspiration pressure, we have obtained 
five force-deflection relations from the simulation results, as shown in Figure 
4.2. With moderate-to-large aspiration pressures applied, the BFP 
force-deflection response softens with increasing load. This behavior is 
consistent with similar findings from previous experimental and theoretical 
studies [32, 33, 34]. However, when relatively low aspiration pressures were 
applied (e.g. ∆P = 37.5 Pa and 150 Pa), the slope of the curve increases during 
loading. Simulation result of membrane deformation shows that when ∆P = 
37.5 Pa and 150 Pa, no complete hemispherical membrane cap forms inside 
the pipette, or more quantitatively, lp < Rp. 
The increase of slope at low aspiration pressures has once been revealed 
in previous experimental studies [117]. Yet it has not been well noted or 



















Figure 4.2 Simulated force-deflection relations at different levels of the 
aspiration pressure ∆P.  
 
along the cell arc length at different phases of the simulation is plotted in 
Figure 4.3 (a) for ∆P = 1000 Pa and in Figure 4.3 (b) for ∆P = 37.5 Pa. It is 
seen that, in both cases, the membrane tension is uniform over the free part of 
membrane. The uniform magnitude, which is denoted as m, is a determinant 
of the BFP stiffness. The observation of m staying uniform over the free 
portion of the membrane confirms our assumption that the shear stress is 
negligible [110]. However, for different levels of ∆P, the tendency of how m 
changes during the pipette-aspiration and pull-up process is visibly different. 
At ∆P = 1000 Pa, m increases in proportion to the suction pressure during 
aspiration (step1 to step35), and then decreases slightly as the suction pressure 





Figure 4.3 Membrane tension along the cell arc length at different phases of 




of Young and Laplace, Evans and co-workers have made an approximation 
that of the membrane tension m = ∆PRp / 2(1- Rp/ R0), where Rp and R0 are the 
pipette radius and outer capsule radius, respectively [110]. The present results 
with ∆P =1000Pa corroborate with Evans’s approximation well. The slight 
decrease of m during pipette pull-up is due to the shortening of projection 
length lp, which consequently leads to a small rise of R0. On the contrary, for 
∆P = 37.5 Pa, m undergoes a significant increase during pipette pull-up, which 
suggests a strong dependence of the membrane tension on the projection 
length inside pipette. Simulation results of membrane deformation reveals 
that when ∆P = 37.5 Pa, no complete hemispherical membrane cap is formed 
inside the pipette, or more quantitatively, lp < Rp. Therefore, the approximation 



















Aspiration Pressure ∆P (Pa)
 The present model
 Simson's model
 
Figure 4.4 Comparison of BFP spring constants between the present 
simulation results and Simson’s results [32]. 
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for membrane tension m = ∆PRp / 2(1- Rp/ R0) could no longer be used.  
For experimentalists, a diagram of kf – P relationship is extremely useful. 
Therefore, the BFP stiffness constant kf was extracted through linear fitting of 
the force-deflection curves, and are plotted as function of P shown in Figure 
4.4. Since we adopted the same system parameters as those used by Simson 
and co-workers [32], the present simulation results can be readily compared 
with their published data. Even though an excellent agreement was found for 
moderate-to-large range of P, in the low P regime, the current results of kf 
are notably larger than Simson’s predictions. An inspection of cell’s simulated 
deformations reveals that the deviation happens in the regime when lp < Rp, 
namely the nonlinear characteristic regime. 
 
4.3.2 Force-Deflection Relations for Different Micropipette Radii 
Figure 4.5 shows the force-deflection curves at different micropipette 
radii Rp. An interesting turning point was found when Rp = 0.65 µm. It is 
shown that when the loading exceeds certain value, the slope of the curve 
undergoes a sudden jump, indicating a transition from the linear to nonlinear 
characteristic regimes. To make a more thorough revelation, we displayed the kf 
vs. P curves at different micropipette radii in Figure 4.6. The change in slope 
of the curves evidently shows the existence of the nonlinear characteristic 
regime. It is seen that the smaller the pipette radius is, the larger the aspiration 



















Figure 4.5 FEM results of force-deflection relations at different micropipette 
radii Rp. The turning point is denoted by the arrow. 
 




























Figure 4.6 FEM results of stiffness-aspiration pressure relations at different 




4.4 Analytical Study of Nonlinear Characteristic Regime 
To further understand the transition between the two regimes and the 
features of the nonlinear characteristic regime, here we perform a 
semi-analytical analysis following a method introduced by Freund [34], with 
appropriate modifications for the sub-hemispherical configuration. 
 
4.4.1 Model Formulation and Analysis 
The semi-analytical model is briefly outlined as follows. Figure 4.7 shows 
a schematic of the membrane shape in the nonlinear characteristic regime. In 
this regime, the membrane projection length lp does not exceed the pipette 
radius Rp. The membrane shape is composed of two parts: the part outside the 
micropipette and the part inside the pipette. The radius of the inner part 
sphereis denoted as Rin [118]. From geometrical relations, it can be shown that  
2 21 ( ) /
2in p p p
R l R l= +
             (4.1) 
Following the analysis of Lin and Freund [119], the distance between the point 
on the meridian and the axis of symmetry is a function of arc length s and is 
specified as r(s), which defines the shape of the free membrane portion. The 
points along the membrane-bead brim are taken to be s = 0. The total arc 
length along the meridian of the free membrane portion is denoted as s1, and 
Ø(s) is the angle of the arc length tangent to the meridian with respect to the 
horizontal plane, pointing in the direction of increasing s, and the outward 
direction of the radial line. This angle is derived from r(s) according to 
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cos ( )dr s s
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φ=
              (4.2) 
It can be further shown that , the angle of the arc length tangent to the 
meridian at the edge of the inner sphere with respect to the axial direction of 










              (4.3) 
Consequently, the surface area and inner volume of the membrane are 
expressed as  
1 2 2 2
0
2 ( ) (2 )c p p
s
A r s ds R R lpi pi pi= + + +B         (4.4) 
1 2 2 2
0
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6
S
p p pV r s s ds l R lpi φ pi= + +B
       (4.5) 
   




The value of the axial force f exerted on the microbead is prescribed.  
The membrane tension m is determined by the law of Young and Laplace, 
which requires that the pressure across the membrane is balanced by the sum 
of the principal curvatures of the membrane multiplied by the local membrane 
tension. The principal curvatures are Ø'(s) in the meridian direction and 
sinØ(s)/r(s) in the orthogonal direction, so that  
0





           (4.6) 
Considering equilibrium of a membrane portion ranging from the disk to 
an arbitrary value of s, we obtained that  
2
0     ( ) 2 ( ) si ( )  nmf r s p r s spi pi τ φ+ =
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where  


















          (4.10) 
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The equilibrium condition of the membrane portion inside the pipette also 
needs to be satisfied. Since the membrane slides freely along the pipette wall 
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The surface area of membrane is constrained to remain constant, i.e. 
0
1 2 2 2
0
2 ( ) (2 )c p p
s
A r s ds R R lpi pi pi= + + +B        (4.14) 
where A0 denotes the surface area of the undeformed membrane. Similarly, the 
cell volume is also assumed to be conserved, therefore,  
1 2 2 2
0 0
1( ) sin ( ) (3 )
6 p p p
s
V r s s ds l R lpi φ pi= + +B
      (4.15) 
If the value of P is prescribed and fixed, the only unknown quantities 
involved in the above equations are lp and p0, and therefore this system of 
equations is solvable. Despite that the integral terms in Eq. 4.14 and Eq. 4.15 
cannot be written explicitly in terms of lp and p0, the equations are readily 
solved numerically. Once the solutions of lp and p0 are in hand, the extension 
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  (4.16) 
 
4.4.2 Results and Analysis 
With P∆  fixed and f prescribed, we proceeded to find solutions for lp and 
p0, which were then used to determine the desired f - h relations. The system 
nonlinear equations were solved using MATLAB [121]. The representative 
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results with varying P are displayed in Figure 4.8, which shows the 
numerical results and their linear-fit straight lines. The spring constants 
extracted from the linear-fit are larger than previously published data but agree 
well with our FEM simulation results, as shown in Figure 4.9. This 
agreement is expected because both our FEM model and the present numerical 
analysis assume the same premises for the membrane deformation in the BFP 
extension process: 1) bending and shear resistance of the membrane can be 
neglected; 2) surface area and internal volume are kept constant.  
For BFP measurements in the linear characteristic regime, the stiffness 
calculation is straightforward, and the accuracy of the published approximations 






















Figure 4.8 Semi-analytical results of force-deflection relations at different 
levels of the aspiration pressure ∆P. The numerical calculations are 
represented by the four groups of dots, and their linear-fits are exhibited by 
solid straight lines. 
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 FEM simulation results
 Numerical calculation results
 
Figure 4.9 Comparison of the calculated stiffness constants between FEM 
simulations (square dots) and the semi-analytical model (round dots). A good 
agreement is shown between these two groups of calculations. 
 
was adequately confirmed. However, the present study suggests a nonlinear 
characteristic regime. In this regime, adopting the previously published kf 
approximations can cause a large error. Therefore, determining critical 
condition for the transition between the linear and nonlinear regimes is 
essential and important. One way to describe this transition is by setting the 
value of lp to be equal to that of Rp, and prescribing f = 0; then a critical 
aspiration pressure Pcrit can be calculated. The values of Pcrit at different 
pipette radii were calculated, and plotted as the function of Rp, as shown in 
Figure 4.10. This Pcrit vs. Rp curve describes the critical condition separating 
the linear and nonlinear characteristic regimes at the beginning of the enforced 
 76
 






















Micropipette Radius Rp (µm)
 
Figure 4.10 The relationship between critical aspiration pressure and 
micropipette radius. The groups of system parameters (Rp and ∆P) locating 
above the curve imply the linear characteristic regime; while those below the 
curve imply the nonlinear characteristic regime. 
 
membrane extension. The region above this curve corresponds to the linear 
characteristic regime and that below the curve to the nonlinear characteristic 
regime. Alternatively, we can also plot the relationship between the negative 
pressure in the pipette and the applied force for which the length of this 
particular cylindrical portion vanishes. To do so, we set the value of lp to be 
equal to that of Rp, and prescribe the value of P, which is larger than that of 
Pcrit as shown in Figure 4.10. Then the unknown quantities p0 and f can be 
solved. The critical value fcrit represents the transition from linear to nonlinear 
characteristic regimes during membrane extension. The calculated relationship 
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between fcrit and the aspiration pressure for different micropipette radii is 
shown in Figure 4.11. 























Figure 4.11 The relationship between critical extension force and aspiration 
pressure for different micropipette radius. At the beginning of the membrane 
extension, linear characteristic regime is achieved. But as the extension 
proceeds, at certain force, a transition from the linear to nonlinear 
characteristic regime happens. 
 
 
4.5 Discussion and Conclusions 
The spring constant of BFP in the complete aspiration regime was derived 
by several researchers. For example, Evans and co-workers offered an 
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.     (4.19) 
In spite of the different expressions, all of them indicate approximately a 
similar linear relationship between kf and P, and their predictions are close to 
each other. This linearity is the basis of the conventional prescription that BFP 
spring constant can be easily and solely tuned by the pipette aspiration 
pressure. Our present modeling results confirm that these studies reveal good 
theoretical understandings of the BFP technique for the linear characteristic 
regime, and provide simplified expressions of kf for experimentalists to use.  
Our present study, however, also discloses a nonlinear characteristic 
regime, which could happen due to either a low aspiration pressure or a small 
micropipette radius. This regime has appeared in several experimental reports 
[26], but has not been appropriately investigated before. Our work suggests 
caution in approximating the value kf. The critical condition for the transition 
between the two regimes obtained through our numerical calculations (Figure 
4.10 and Figure 4.11) can serve as a reference for experimentalists to avoid the 
potential misuse of the approximations intended for the linear characteristic 
regime. 
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The nonlinear characteristic regime might also hold potential utility on its 
own. For example, it broadens the choice of force transducer cell, apart from 
the red blood cell. For example, neutrophil could serve as a probe for 
measuring softer cells; while chondrocyte could be possibly used to measure 
stiffer cells. However, neutrophil is soft and could only sustain a relatively 
small aspiration pressure [100; 118; 122-126]; on the other hand, chondrocyte 
is much stiffer and could only achieve a sub-hemispherical configuration even 
at relatively high aspiration pressure [127]. In these two cases, our studies of 
the nonlinear characteristic regime could be useful. It should be noted that the 
mechanical response of loaded neutrophil and chondrocyte are markedly 
different from that of the swollen red blood cell, and the present study only 
provides a rough route for their analysis; more exact calculations should 
depend on the detailed exploration of their specific mechanical properties. 
In conclusion, we have performed finite element simulations of the 
aspiration of a red blood cell by a micropipette. The calculated kf – P diagram 
exhibits two distinct regimes with different mechanisms. In the linear 
characteristic regime where a complete hemispherical membrane cap forms 
inside the pipette, our calculations for the BFP spring constants agree well 
with the previous published results. However, when the pipette aspiration 
pressure is lower than certain critical value, the discrepancy between the 
present and previous results cannot be ignored. This regime corresponds to 
cell configurations without a complete hemispherical membrane forming 
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inside the pipette, and is referred to as the nonlinear characteristic regime. A 
semi-analytical analysis has been performed to confirm and validate the FEM 
results for this nonlinear regime. The present study reveals a lower limit of the 
linear characteristic regime, and predicts the critical condition for the 
transition from the linear to nonlinear characteristic regime. The present work 
could help experimentalists to be aware of the existence of a nonlinear 
characteristic regime on the one hand, and suggest potential utility of solutions 
in the nonlinear characteristic regime on the other hand.  
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Chapter 5  
Dynamics of Catch-Slip Bond Clusters under 
Constant Force 
 
In the study of biological adhesions, how externally applied force 
regulates molecular interactions is a fundamental question. As introduced in 
chapters 1 and 2, the majority of biological bonds are slip bonds, whose 
lifetime is shortened by force [128]. However, the development of 
ultrasensitive force probes has greatly improved our ability to resolve more 
detailed information about this issue, and it was found that bond lifetime could 
also be prolonged by force; this counterintuitive behavior was named catch 
bond [44, 45]. Although paradoxical at first glance, catch bonds are suggested 
as the physical and structural basis for the shear threshold phenomenon 
observed for leukocyte [42, 43, 129].  
In the present chapter, we first make a brief review of recent experimental 
work on catch bonds and their theoretical models. Next we perform computer 
simulations to study the dynamics of receptor-ligand bond clusters loaded by 
constant forces. Both slip- and catch-bond models are incorporated in the 
computations; their different influences on the cluster decohesion dynamics 
are demonstrated and analyzed. 
 
5.1 Catch Bond Assumptions and Discoveries 
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As mentioned in chapter 3, Bell proposed the seminal model for the 
force-dependent off-rate of the slip bond,  
0( ) exp( / )
r r
k f k f fβ=             (5.1) 
This model predicts the exponential decay of the slip bond lifetime with the 
rising of loading force. Conversely, Dembo and coworkers introduced the 
concept of catch bond whose lifetime increases under an increasing load in 
certain range. This model provides a way to rationalize the shear-enhanced 
adhesion observed for the binding between selectins molecules and leukocyte 
ligands [42, 43, 129]. 
Despite Dembo’s seminal predictions, the first definitive example of catch 
bonds came about only more than a decade later. Using a custom-made AFM, 
Marshall and coworkers discovered that, with increasing loading force, the 
interactions between P-selectin and PSGL-1 ligand experiences an initial 
increase and a subsequent decrease of its lifetime, indicating a catch to slip 
transition with increasing force [44]. This transition was subsequently 
observed for the FimH-mediated attachment of bacterial to host cells [48, 130], 
actin/myosin complexes [131], and integrins [132]. 
 
5.2 Catch Bond Models 
5.2.1 Conceptual Models for Catch Bonds  
 Inspired by intuitive mechanical perception, some conceptual catch bond 
models have been derived from familiar macroscale structures. For example, 
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two harpoons hooked up to each other could catch tightly when tensile force is 
applied (Figure 5.1a) [133]. Another alternative structure is a children’s finger 
trap, which would become narrower when it is elongated by external force 
(Figure 5.1b) [134].  
A more specific model, derived from the structure-function study of 
FimH-mediated studies [48, 135], was proposed to relate protein allostery 
regulations to catch bond behavior. In biochemistry, allosteric regulation 
involves two spatially separated, but structurally coupled sites of the protein– 
the allosteric site and the active site. The binding of a soluble compound to the 
protein's allosteric site will give rise to a structural and functional change of 
the active site. Analogous to the compound binding to the allosteric site, 
mechanical force are expected to induce the similar effects: it was assumed 
that the native conformation of the ligand-binding domain stabilizes a weakly 
bound state, whereas mechanical force applied could change the conformation 
of the ligand-binding domain, converting the bond to a strongly bound state. 
Conceptual models provide a straightforward depiction of the catch bond 
formation, but they are inadequate in interpreting the existing experimental 
data, or in predicting the survival of a particular bond under force. To achieve 




Figure 5.1 A simple illustration of two conceptual catch bond models: a. 
Harpoon model. b. Finger trap model.  
 
5.2.2 Quantitative Models for Catch Bonds 
A. Transitional Spring Model 
The concept of catch bond was first proposed by Dembo and coworkers 
[25]. They modeled the intermolecular bonds as transitional springs, which 
could have different states-the bound state and the transition state. These two 
states have different resting length and/or elastic constants. b and t are bound 
state and transition state resting length respectively, 	b and 	t are the bond state 
and transition state stiffness respectively. When 	t and 	b are assumed to have 
the same value but t is longer than b, or in the other case, t is the same as b 
but 	t is smaller than 	b, the off-rate is of the similar form of the Bell model, 
and slip bond is obtained. However, there is also possibility that the 
transition-state spring has a shorter resting length or a higher stiffness than the 
bound-state spring, both cases predicting the force-reduced off-rate, or in 
another words, the catch bond manifestation.  
Innovative though, this artificial two-state theory is an oversimplified 
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assumption, purely theoretical in nature and mathematical in format; thus 
being too rigid to be compatible with the experimental data. It also assumed an 
infinite increase in bond strength under increasing tensile force, failing in 
predicting the force-induced transition from catch to slip bonds. To explain the 
catch-slip transition, the traditional single dissociation pathway model appears 
insufficient and two-pathway model were introduced [18, 47]. 
The two-pathway model was derived based on an envisioned energy 
landscape of the biological bonds [47]. This interaction energy landscape is 
thought of as a three-dimensional surface, which is then projected onto the 
direction of force, resulting in a one-dimensional landscape that captures the 
essential features of the bond dissociation mechanisms. Several two-pathway 
models have been proposed, mathematically described, and quantitatively fit 
to the experimental results [44, 45, 46].  
 
B. One-state, Two-pathway Models 
The simplest two-pathway model is a four-parameter model which 
assumes that a bond could dissociate along two pathways, one slow and the 
other fast, with different off-rates, ks and kf [47]. Both the off-rates depend on 
force: ks is small at low force but increases with increasing force, while kf is 
high initially but decreases with increasing force. The decrease of kf is more 
rapid than ks increase; therefore dissociation takes place primarily along the 
fast pathway at low forces but switches to the slow pathway as force increases. 
As a result, increasing force first slows the dissociation (catch-bond behavior) 
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until ks becomes dominant, after which it accelerates the dissociation 
(slip-bond behavior).  
 
C. Two-state, Two-pathway Models 
The more complicated models have been introduced, hypothesizing the 
existence of two bound states from which two dissociation pathways originate 
[45, 46, 133]. The two off-rates describe the respective dissociation along the 
two pathways; the two transition rates describe the inter-conversion between 
the two bound-states. Different two-state catch bond models can be fit to 
different set of data. For example, if the conversion between bound states is 
assumed slow relative to dissociation [47, 48], the partition of the total bond 
number is determined by the bond formation rates of the two bound states, and 
is remained constant when force is applied. This model is capable of 
explaining the double exponential decay in the FimH bond survival plot.  
By comparison, Evans and coworkers assumed a rapid equilibrium 
between the two bound-states so that the bound partition is modified with 
applied force [46]. In Evans’ five-parameter model, dissociation via the two 
pathways occurs with rates k1rup and k2rup. The fast pathway off-rate k1rup is 
assumed constant. While the slow pathway, on the other hand, was assumed to 
follow the Bell model that k2rup exponentially increases with force. The 
dominant dissociation pathway is determined by the occupancy ratio of the 
two states, which is in equilibrium at all times with a small difference in 
energy between state 2 and state 1, E21. According to the Boltzmann 
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distribution, this energy difference sets the equilibrium occupancy ratio, 0 = 
exp(E21/kBT) of state 1 to state 2 at zero force. However, force applied to the 
bond causes a shift in the energy of each state, resulting in a change in the 
energy difference between the states. The occupancy ratio of the two states, 
then, changes exponentially with applied force with a scale of f12. So, although 
pathway 1 may dominate at low forces where equilibrium favors occupancy of 
state 1, at higher forces, pathway 2 dominates at higher forces as equilibrium 
shifts to favor occupancy of state 2. For bonds exhibiting this type of 

















         (5.2) 
With this expression, the off-rate experiences a decrease and then an 
exponential increase as force increases. The equilibration parameters, 0 and 
f12, control the force at which the change of dominant pathway occurs and the 
range of force required to complete the switch. The dissociation rate 
parameters k1rup and k2rup determine the extremes in the off rate. The k1rup 
controls how fast the off rate is at zero force, whereas k2rup sets the minimum 
in off rate at an intermediate value of the force. The force scale for the Bell 
model fA sets the degree of rate increase with force at high forces. A larger 
value of fA corresponds to a more gradual increase in off rate with force. 
Evan’s model was later validated by a series of experiments of 
P-selectins/PSGL-1 bond [35, 136]. 
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5.3 Multiple-Bond Systems 
Although the catch-slip transition has been well studied at the single 
molecular level, in typical physiological settings, adhesion contact is always 
realized by the clustering of a number of bonds. Compared to the single-bond 
system, multiple-bond system shows more complexities. Firstly, the effect of 
rebinding becomes significant, because one single rupture bond may 
reestablish since other bonds could still hold the cell in place [138, 139, 140]. 
Secondly, the cooperative effect is of great effect, because the rupture and 
rebind of any individual bond will alter the force distribution on the others 
[141, 142].  
To fully unravel the behavior of multiple-bond rupture is a highly 
complicated issue because it is hardly possible to determine the distribution of 
force among the bonds and the time course of force applying on each bond. So 
far, researchers addressed this issue mostly within an ideal scenario where the 
load is equally shared by a number of parallel bonds. The pioneering 
theoretical framework was established by Bell [10], who used a deterministic 
equation to study the stability of adhesion clusters under constant force. 
Decades later, Erdmann and Schwarz developed a stochastic version of Bell’s 
work in order to tackle the same issue for small adhesion clusters [143, 144]. 
In addition, Evans and Ritchie discussed the dynamics of a bond subjected to 
linear loading [145]. Seifert extended their discussion to multiple bond 
situations [138], and his analysis has been confirmed by Prechtel and 
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coworkers, who used biomembrane force probe (BFP) to measure the 
adhesion strength of living cells [139]. The cooperative behavior of clusters of 
slip bonds between two elastic media under different loading conditions have 
also been extensively investigated [146-149].  
All these previous studies are based on the clusters of ordinary slip bonds, 
while the cooperative behavior of multiple catch-slip bonds remains to be 
explored. Therefore, in the present chapter, we extend the quantitative effort to 
investigate the decohesion of a catch-slip bond cluster which is loaded by a 
constant force. Following Bell’s work, we establish and solve the rate equation 
of the bond number decrease under a constant force. Both Bell’s slip bond 
model and Evans’ catch-slip bond model are adopted to describe the bond 
rupture rate, and their resultant differences are demonstrated and discussed. 
We proceed our analysis from the most simple to more complicated cases: 1) 
we start with the single-bond system, computing and comparing the lifetime of 
single slip and catch-slip bond under constant forces; 2) Then we come to 
study a cluster of parallel bonds among which the loading force is uniformly 
distributed; 3) next we study the effect of force spatial distribution on a cluster 
of bonds which are non-uniformly loaded; 4) at last we model the more 
physiologically relevant case, the micropipette-manipulated detachment of a 




5.4 Simulation Results 
5.4.1 System Parameters 
The reaction kinetics of bond dissociation under stress is expressed using 
both models: the slip bond model derived by Bells [10], 
0( ) exp( / )
r r
k f k f fβ=             (5.1) 

















        (5.2) 
The rebinding rate is the same as the one introduced in Chapter 2  
2
0 b







              (5.3) 
 The values of related parameters were chosen based on previous works 
[41, 46, 101]: for the Bell model, the zero-force rupture rate 0
r
k  = 1 /s; for the 
Evans’ model, k1rup = 12 /s, k2rup = 1 /s; f12 = 6 pN, E12 = 5 kBT; both Bell’s 
and Evans’ model is assigned the same force scale fA = 18 pN. the bond 
forward reaction rate coefficient 0fk  = 1 µm2/s; characteristic length for bond 
formation rate b = 0.01 µm.  
 
5.4.2 Lifetime of Single Bond 
In single-bond experiment, the ruptured bond has little chance to rebind 
because of the elastic recoil of the force transducer [46, 143]. Therefore, its 
lifetime under a constant force is simply the reciprocal of the rupture rate 
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(Equation 5.1 and 5.2). We calculated and plotted this lifetime as functions of 
loading force in Figure 5.2. It is shown that for Bell’s slip bond model, 
lifetime decreases exponentially with increasing force; while the lifetime of 
Evans’ catch-slip model experiences a biphasic change and a peak value at the 
intermediate force. Due to a higher rupture rate at low forces, the lifetime of 
catch-slip bond is initially shorter than that of the slip bond; it increases with 
increasing force and eventually exceeds the slip bond lifetime; upon reaching 
the peak value, it starts to decrease in the similar exponential pattern as does 
the slip bond, indicating the transition from catch to slip bond at high force 
regime. 














Figure 5.2 Single bond lifetime as functions of loading force for both slip and 






5.4.3 Lifetime of Parallel Multiple Bonds with Uniformly 
Distributed Force 
From this section, we start the analysis of the multiple-bond systems. In 
this first case, as shown schematically in Figure 5.3, an adhesion cluster consists  
 
 
Figure 5.3 Schematic illustration of a bond cluster under constant force F. F is 
equally shared by all closed bonds.  
 
of N0 receptor-ligand pairs; the ligands are connected to a flat and rigid 
substrate while receptors are confined to another rigid plate. Both the plates 
are assigned to have a unit area. When the substrate is fixed in position while 
the other is pulling by a constant loading force F, these bonds can be either 
ruptured or rebound. Since the two plates are kept parallel to each other, F is 
shared equally between the closed bonds. Therefore, we can establish the rate 
equation of the time-dependent bond number decrease 
2
0( )( ) ( )b f b r b
dN k f N N k f N
dt
= − − ,          (5.4) 
where N0 is the initial number of closed bonds; Nb is the number of closed 
bonds at any time t; f is the force on each closed bond, hence, f = F/Nb.  
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A. Critical Force fc for Cluster Decohesion 
In a multiple bond cluster, the rebinding rate plays an important role in 
stabilizing the adhesion contact. It has been shown by Bell that the cluster 
remains stable up to a critical force fc [10]. Therefore, it is necessary to do a 
stability analysis before studying the cluster decohesion. Following Bell’s 
deterministic framework, we obtain the equation for the equilibrium state,  
2( ) ( )( )eq r t eqff fN k k N N= −           (5.5) 
where Neq is the closed bond number at equilibrium. At small forces, this 
equation has two roots, in which the larger one corresponding to the stable 
equilibrium. As force increases, a saddle-node bifurcation occurs, and above a 
critical force there is no root exists. This means the equilibrium is broken and 
the cluster will dissociate eventually. At this critical force, there is only one 
root and the slope of the left and right terms in Equation 5.5 becomes equal. 
Therefore we get another equation 
2( ) ( )( )eq r t eqf
eq eq





−         (5.6) 
Equation 5.5 and 5.6 allows us to determine the values of critical force 
and the equilibrium cluster size. Although the explicit expressions are not 
available, with the assigned values of system parameters (introduced in the 
Section 5.4.1), we could still obtain the numerical solutions. In the current 
case, the initial bond number N0 = 30. Using Bell’s expression of kr (Equation 
5.1), we obtained the critical force for the slip bond cluster, Fc  216 pN; 
Using Evans’ rate expression (Equation 5.2), we derived the critical force for 
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the catch-slip bond cluster, Fc  113 pN.  
 
B. Cluster Lifetime 
From the rate equation 5.4, we could acquire numerical solutions of 
closed bond number as functions of time t. Figure 5.4 exhibits these solutions  
 (a) 
 (b) 
Figure 5.4 Bond number changes as functions of time t for different loading 
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forces; (a) slip bond model and (b) catch-slip bond model. The curves with the 
circle symbols denote the equilibrium status.  
 
at different loading forces for both slip bond and catch-slip bonds. For the 
convenience of comparing, we use the scaled quantity 0ˆ /f F N=  instead of 
the overall load F.  
The difference between the two types of bond clusters is obvious. First, 
they have different critical forces ˆcf (denoted by the circles), whose values 
are in good agreement with our calculations in the previous section. Second, 
and more importantly, their bond number decays in distinct manners. The 
decreasing velocity (the slope of the curve) of slip bond cluster changes 
monotonically with the applied force. In contrast, the catch-slip bond cluster 
displays a crossing of the curves, indicating a biphasic change of the 
force-dependent decohesion velocity. In the early stage, when the number of 
bonds remains over 22 in Figure 5.4(b), the case with ˆ 40 pNf =  possesses 
the longest rupture time. And for those with ˆ 40 pNf < , the rupture time 
increases with force; while for those with ˆ 40 pNf > , this time decreases with 
force. This is in exact correspondence with the single bond data in Figure 5.2. 
As bond number decreases, the actual average force f on each bond increases, 
thus the longest rupture time happens at the case with lower values of ˆf . For 
example, when bond number decreases by 	N0, the longest rupture time 
appears at ˆ 30 pNf = , because the actual single bond force f now becomes 45 
pN. Similarly, when the number decreases by AN0, the longest rupture time 
happens at ˆ 20 pNf = . As bond number further decreases, f increases to the 
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monotonic regime and the remaining bonds transit to become slip bonds. 
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 (b) 
Figure 5.5 Rupture time as functions of loading force at different decohesion 
stages: (a) slip bond model; (b) catch-slip bond model. 
 
For a bond cluster, lifetime can be identified by the time when only one 
last bond remains [10]. In Figure 5.5, we plot the time courses during which 
 97
the bond number decreases by 1/3 and 2/3 of its initial value, and the lifetime 
of complete detachment (when N = 1). Both the slip and catch-slip model have 
been calculated and their differences are distinctly revealed. The typical catch- 
slip biphasic behavior is obvious for the two partial decohesion cases; while 
when it comes to final lifetime, this pattern no longer exists. Figure 5.6 plots 
the final lifetime in a wider scale. It can be seen that both models exhibit the 
monotonic decrease of lifetime with force, while their quantitative deviation is 
still pronounced. Unlike the exponential decrease of the slip bonds, the decay 
of the catch-slip bonds is more gradual, with shorter lifetime at low forces and 
longer lifetime at high forces. This quantitative deviation is consistent with the 
single-bond test in Section 5.4.2 (See Figure 5.2).  
 
 
Figure 5.6 Parallel multiple bond lifetime as functions of loading force for 
slip and catch-slip models. 
 
In conclusion, when loaded by a constant force, different from the 
single-bond system, the multiple catch-slip bond cluster ruptures in a 
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two-stage process: initially, the decohesion is modulated by catch bond 
mechanism; with the increasing of f on the remaining bonds, in the later stage, 
slip bond mechanism takes the lead. As a result, the decohesion of a catch-slip 
bond cluster demonstrates two features: a biphasic pattern of rupture time for 
partial decohesions, and a monotonic yet gradual decrease of lifetime for the 
complete decohesion.  
 
 
5.4.4 Lifetime of Multiple Bonds with Non-uniformly Distributed 
Force 
 The equally loaded bond cluster is a very special case, while in most 
biological systems the force is not uniformly shared by each bond. This raises 
the question as to whether the spatial distribution of f would influence the 
decohesion behavior of bond clusters. A simplified scenario is illustrated in 




Figure 5.7 Schematic illustration of a catch-slip bond cluster under constant 
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loading force F. An inclined angle  is kept between the two plates, so the 
force is nonuniformly distributed on each row of bonds.  
 
respectively. The substrate plate is a unit-area square and is fixed in position, 
while the other is pulled up by a constant force F. Different from the previous 
case, now the upper plate is inclined, and the angle (denoted by ) between the 
two plates is kept unchanged during the pulling. As a result, the force on the 
individual bond is no longer uniform and its distribution depends on the spatial 
arrangement of the bonds. A simple arrangement is considered: with a total 
number N0 = 30, the bonds are aligned in six equally spaced rows with five 
bonds in each row. Since the bond is treated as linear spring, the force on the 
individual bond is in linear relation with its lateral position along the substrate: 
 ( ) ( ) (1) (1) ( 1)f i N i f N l i k tgθ⋅ = ⋅ + ∆ ⋅ − ⋅ ⋅  , i = 1,2,3,4,5,6     (5.7) 
where i denotes the row number; Bl is the distance between two rows; k is the 
bond stiffness; f(i) is the force on single bond which is located at the i-th row; 
N(i) is the number of closed bonds at the i-th row, and its initial value is 5. 




( ) ( )
i
f i N i F
=
⋅ =C              (5.8) 
 The overall bond number N = BN(i). We computed the time-dependent 
bond number N(t) in an incremental procedure. In each time step Ct, we 
calculate N(i) and f(i) from the equation 5.7 and 5.8; based on the values of N(i) 
and f(i), and the rate equation 5.4, the change of bond number at each row 
CN(i) can be derived, and hence the N(i) is updated; The updated values of N(i) 
 100
is then used to calculated f(i) for the next time step. The iteration proceeds 





Figure 5.8 Bond number as functions of time t for different loadings (Left). 
And rupture time as functions of loading forces at different stages of 
decohesion (Right). Three cases with different values of  are demonstrated: (a) 
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tg = 0.1; (b) tg = 0.2; (c) tg = 0.3. 
  
In the current computations, the bond spring constant k=10-3 N/m; 
l = 0.2 m; and the incremental time step Ct = 10-4 s. Varying the tangent of , 
we calculated the time-dependent bond number N(t) for different loadings. 
Figure 5.8 demonstrates the representative results for three values of . It is 
clearly shown that with  increasing, catch bond behavior is whittled. A 
detailed exploration of force distribution on each row of bonds would help to 
explain this diminish effect. Take the example of ˆ 30 pNf = ; for tg = 0.1, the 
initial distribution of f(i) from the 1st to 6th row is 13.3, 33.3, 53.3, 73.3, 93.3, 
and 113.3 pN; for tg = 0.3, f(i) = 0, 60, 120, 180, 240, and 300 pN. Evidently, 
the latter case gives rise to a wider distribution of the f. Because the catch 
bond mechanism only spans a narrow range within the lower force regime 
(Figure 5.2), a wider distribution of force results in a less portion of catch 
bond. For instance, in the later case, 80% of the bonds are in the slip-bond 
regime, and this portion would further increase during the detachment. In 
conclusion, when the two force-bearing plates are not paralleled but have 
inclined angle, the catch and slip mechanisms are averaged between the 
different rows. And the larger the angle, the more domination of the slip bond 





5.4.5 The Micropipette-Manipulated Detachment of a Cell from a 
Substrate Surface 
In this section, we come to a model of more physiological relevance: the 
BFP-based cell detachment model. The assembly of the model is similar to the 
one described in chapter 4. But in the present study, the bead glued to the end 
of the membrane is removed. Instead, the membrane is doped with controlled 
receptor proteins, and is brought to and then retracted from a rigid flat surface, 
which is decorated with uniformly distributed ligands. Thereof the adhesion 
and detachment would occur in sequence. 
 
A. Simulation Model and Numerical Procedure 
The simulations were performed in three phases: firstly, a portion of the 
cell was aspirated into the micropipette by a suction pressure of magnitude ∆P, 
which was applied incrementally through N steps. In each of the step, an 
incremental pressure of ∆P/N was imposed on the deformed membrane 
configuration. Secondly, the pipette-holding cell is brought into contact with 
the substrate. Cell adhesion was simulated during the membrane-surface touch, 
and cell would spread on the substrate in an incremental manner until the 
whole system reached force equilibrium. Finally, the pipette was pulled back 
step by step with a specified loading. The cell was therefore forced to move 
upward and eventually detached from the substrate. 
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B. System Parameters 
The values of typical parameters are the same with previous work in 
Chapter 4: The thickness of cell wall h = 20 nm; the cell radius R0 = 3.53 µm; 
the micropipette inner radius Rp = 0.95 µm; the initial ligand density l = 5000 
µm-2 and initial receptor density r0 = 30 µm-2; the diffusion time step ∆t = 10 
ms. The aspirated cell serves as a linear spring, whose stiffness can be 
calculated based on the BFP model introduced in chapter 4. In the present 
case, the suction pressure ∆P = 500 Pa; thus the stiffness is 640 pN/m. 
Therefore, the loading force F can be systematically varied by changing the 
retraction distance.  
 
C. Simulation Results 
 In Figure 5.9, we plot the rupture time as functions of loading force at 
four decohesion stages. In the initial stages, the rupture time of catch-slip 
model (denoted by solid lines) is lower than that of slip model (denoted by 
dashed lines), implying a higher rupture rate of the catch-slip bond at the low 
force regime. As decohesion proceeds, the force f on each bond increases, and 
the rupture rate of catch-slip bond decreases; hence its rupture time gradually 
exceeds that of the slip bond model.  
Quantitatively speaking, the results are coherent with the discussions in 
previous sections; whereas the difference between the two models is 
surprisingly small, compared to the parallel multiple-bond system (Figure 5.5). 
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This is a result from the compliance of the cell membrane. When the cell is 
pulled by an upward force F, the load is primarily concentrated at the 
peripheral region of the adhesion patch; this region can be sketched as a ring 
of finite width. Because of the softness of the membrane, this ring is largely 
bended and the bonds within it are non-uniformly loaded. This is roughly 
analogous to the situation in Section 5.4.4. But in the current case, the force 
distribution is even wider, compared to the previous one where the upper plate 
is rigid. Therefore, the catch bond effect is significantly weakened, and both 
models are basically controlled by the slip bond mechanism even from the 

















Figure 5.9 Rupture time as functions of loading force at different decohesion 
stages: Catch-slip bond model is denoted by solid lines; slip bond model is 




5.5 Discussions and Conclusions 
In this work, we studied the effects of catch-slip mechanism within 
multiple-bond systems. To describe the dual response of rupture rate to tensile 
forces, we introduced Evans’ two-state, two-pathway model. We performed 
numerical computations based on several scenarios, including the single-bond 
system, the clusters of multiple bonds which are equally and unequally loaded, 
and the micropipette-controlled detachment of a cell from a substrate.  
Our results revealed that the multiple-bond system manifests its catch-slip 
mechanism in a distinct manner compared to the single-bond system. Because 
of the temporal change of force on each bond, the biphasic time-force 
relationship is only obvious during the partial decohesions, while towards the 
end of the decay, monotonic slip bond mechanism governs the final lifetime. 
The other interesting observation is drawn from the cases where loading 
force is also spatially distributed. It is demonstrated that the cooperative act of 
all the loaded bonds plays an essential role for the cluster to realize its catch 
manifestations. A wider spatial distribution of the force leads to less 
cooperativity of the bonds, consequently causing a less pronounced catch 
behavior of the system.  
The current simulation results allow us to make an interesting comment 
on the variations between P- and L-selecting-mediated cell rolling dynamics. 
P-selectin and L-selectin share the similar structures which are characterized 
 106
as catch bonds [129], but they are different in two aspects: 1) the transition 
from catch to slip behavior of L-selectin bond occurs at a higher force than 
P-selectin bond, and the width of the transition of L-selectin is also much 
greater [129, 150]; 2) the binding interface of L-selectin is much stiffer than 
the P-selectin interface [150]. Associating these two differences and 
observations from the present study, we may reason that the multiple 
L-selectin bonds may exhibit a more obvious catch behavior than P-selectin 
bonds. Intriguingly, most studies [129, 150-153] did reveal that the shear 
threshold of L-selectin-mediated leukocyte rolling is much more pronounced 
than the P-selectin-mediated rolling. Therefore, our study may provide an 
explanation for this discrepancy from the perspective of catch bonds’ 
cooperative effect. 
Several theoretical refinements can be made on the basis of the present 
models. Firstly, in our current continuum mechanics framework, the 
fluctuations of single bond lifetime and the nonlinear effects are not included. 
These effects are negligible in the current cases, but could be significant for 
small adhesion clusters where only several bonds are involved. For the latter 
case, stochastic models are a more proper option. Secondly, when modeling 
the BFP-controlled cell detachment, the effects of membrane modulus is worth 
an in-depth analysis. In the current model, the membrane within the adhesion 
patch is of the same elastic modulus as the non-adhered region. However in 
real physiological situations, a mature adhesion region is always consisted of a 
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number of small adhesion clusters, which are called focal adhesions [56, 154]. 
Focal adhesion is connected to cytoskeleton via various cellular proteins, and 
the cortex within it is stiffened. Focal adhesions could be a way for cell to 
realize its catch bond mechanism, because with a higher elastic modulus 
within the adhesion region, the bonds could act in a more cooperative way. 
However, the modulus change within focal adhesions is very complicated 







Chapter 6  
Conclusions and Future Research 
 
6.1 Conclusions 
In this thesis, we focused on investigating the details of mechanics and 
kinetics of cell adhesion and detachment. Although they vary greatly for 
different classes of cell and different types of adhesion proteins, researchers 
have been able to identify many common features shared among different 
systems. For example, a universal power-law behavior for cell spreading onto 
a substrate [95], and the similar lifetime-force relationship observed for 
different bond dissociation tests [75, 76, 77]. Therefore, using simplified 
biomimetic system models that are capable to reflect these features, we may 
be able to obtain novel insights and further generate new scientific conjectures 
on the underlying complex processes. 
In the first part of our work, we formulated a continuum model to 
simulate a biomimetic vesicle spreading on a flat substrate surface. We are 
able to identify three adhesion regimes, that is, the binder reaction limited 
regime, non-specific force-driven binder recruitment limited regime, and the 
concentration gradient-driven diffusion limited regime. These regimes are of 
significant implications because among them the slowest process will be the 
major limiting factor to the adhesion. 
In the second part, we performed a numerical analysis of a minuscule 
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force measurement technique, the Biomembrane Force Probe (BFP), a popular 
tool used in testing single-bond dynamics. The current assumption of its 
application is the linear relation between BFP stiffness and its aspiration 
pressure. However, our model indicated that this linearity assumption might 
not be valid over the entire range of extension distance and micropipette 
aspiration pressure. Through finite element simulations and semi-analytical 
modeling, we discovered a transition from the linear regime to a characteristic 
non-linear regime that arises from a configuration change of the membrane 
cap inside the micropipette. Our study suggests that this phenomenon is 
determined by both aspiration pressures and micropipette radius. This finding 
could help experimentalists to work in the proper aspiration regime to avoid 
significant measurement errors from using formulas based on the linearity 
assumption. The numerical analysis for this nonlinear regime also suggests 
some potential utilities in the study of the mechanical behaviors of soft and 
rigid cells.  
The final part of our work is to explore the manifestation of the catch-slip 
mechanism in the multiple-bond systems. By performing simulations for three 
scenarios, in which the clusters of catch bonds are under different loading 
conditions, we find that the multiple-bond system only manifests its catch 
mechanism under relatively uniform loading condition and at an early stage of 
decohesion. This may explain the fact that the experimental evidence of catch 
bond is hard to obtain (it only came decades later than its theoretical 
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predictions) [25, 44].  
 
6.2 Future Research 
In the cell adhesion study, we described the intercellular interactions using 
simple chemical reaction kinetics equations. However, the actual cell 
interactions are much more complicated.  
For instance, the long-range non-specific forces include both attractive 
and repulsive forces, exhibiting a single minimum at its inter-membrane free 
energy profile; yet the sum of both non-specific and specific forces gives rise 
to a double-minimum free energy profile [10, 11]. Our current model still 
assumes a single minimum profile for the sum of the non-specific and specific 
forces. A better model would have to formulate the more realistic expression 
for the non-specific force so as to simulate the double-minimum free energy 
profile. 
On another aspect, it is known that focal adhesion has a particular role in 
stabilizing and mediating cell adhesions. Generally, the adhesion process starts 
with the cell hovering over a substrate in a state of weak adhesion. With time, 
small sectors of strong adhesion spots called focal complexes form. These 
focal complexes can grow into focal adhesions through both the aggregation 
of adhesion molecules and the reinforcement of cytoskeleton [6, 22]. Hence, to 
make a more realistic model, we need to consider the process of cytoskeletal 
remodeling. However, such process is known to happen in a significantly 
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longer time scale than the current scale of our models. 
 Apart from focal adhesion, catch bond was found to be another 
mechanism for stabilizing cell adhesions and for resisting force-induced 
detachments. It is unknown at present whether these two mechanisms regulate 
different types of receptor-ligand complexes, or they could function together 
within one adhesion clusters [154]. The latter situation is an interesting issue 
because the membrane stiffening within the focal adhesion sites could greatly 
enhance the cooperativity among the bonds; hence help to facilitate the 
realization of the catch bond mechanism. Thus in the future models, we can 
try to involve focal adhesions to see if the membrane stiffening would actually 
enhance the catch bond behavior.  
Finally, we used a continuum framework for both adhesion and 
detachment models. This framework worked well simulating large cluster of 
bond. However, when considering smaller bond clusters, such model would 
fail to reflect the fluctuations within each individual bond’s lifetime. For that 
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